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Abstract 
 
 Tandem Reactions have proven themselves to be useful reactions for the synthesis of 
highly complex materials.  Ruthenium alkylidenes are shown to be useful precursors for the 
development of new tandem processes.  First, a new tandem metathesis/hetero-Pauson-
Khand process is developed using Grubbs’ second generation catalyst.  Next, various 
metatheis/olefin isomerization processes are explored. 
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Chapter 1: The Hetero-Pauson-Khand Reaction 
The Pauson-Khand Reaction has proven to be a broadly applicable and useful 
reaction that functions with a variety of both catalysts and reagents.1  Recent developments 
of heteroatomic variants of this reaction have created the need for a review focusing on only 
the hetero-Pauson-Khand reaction (HPK).   The primary products of this chemistry are 
γ-lactones and γ-lactams, which are common and privileged2 motifs.   
Scheme 1. The Pauson-Khand Reaction and Related Reactions 
 
 
This review will focus on the heteroatomic variant of this reaction in which a 
hetero-atom is substituted at one position in the five-membered ring.  All [2+2+1] type 
cycloadditions will be covered in this review involving a variety of π systems.  Alkyne-
                                                 
(1)  For recent reviews of the Pauson-Khand reaction see (a) Brummond, K. M.; Kent, J. L. Tetrahedron 
2000, 56, 3263-3283. (b) Gibson, S. E.; Stevenazzi, A. Angewandte Chemie-International Edition 2003, 42, 
1800-1810. (c) Blanco-Urgoiti, J.; Anorbe, L.; Perez-Serrano, L.; Dominguez, G.; Perez-Castells, J. Chem. 
Soc. Rev. 2004, 33, 32-42. (d) Gibson, S. E.; Mainolfi, N. Angewandte Chemie-International Edition 2005, 
44, 3022-3037. (e) Shibata, T. Adv. Synth. Catal. 2006, 348, 2328-2336. 
(2) Bruckner, R. Curr. Org. Chem. 2001, 5, 679-718. 
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carbonyl-carbon monoxide and olefin-carbonyl-carbon monoxide systems will be covered as 
well as their imine equivalents. 
Scheme 2. Mechanism of the HPK reaction 
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The mechanism of the HPK is similar to that of the Pauson-Khand reaction.  The 
two π systems undergo an oxidative cycloaddition to form a five-membered metallacycle 
followed by a CO insertion into either the M-C or M-O bond and a reductive elimination 
(Scheme 1).6,7  Since the metal is the definitive feature of this chemistry, this review will be 
organized by metal, initially focusing on the most developed then on to others.  Within each 
metal this review will proceed in the order papers were published.   
A. Titanium 
Buchwald and Crowe independently discovered the first hetero-Pauson-Khand 
reaction.6,7   Both report that Cp2Ti(PMe3)2 1.17 undergoes a reductive cyclization of tethered 
enones and enals followed by a CO insertion.  Though both the Buchwald group and Crowe 
group were the first to publish this reaction, other groups made important contributions by 
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discovering related transformations. We will start out by examining some of the preliminary 
work then move on to the first examples of HPK. 
 Each step of the deconstructed hetero-Pauson-Khand reaction was discovered and 
published independently.  Whitby 3 studied the reductive coupling of Cp2Ti(PMe3)2 1.17 with 
tethered ene-aldehyde and ene-ketones.  This allows for the synthesis of a five-membered 
titanium metallacycle.  Both ketones and aldehydes reacted with olefins 1.18 and 1.12, while 
only ketones reacted with alkynes 1.21 and 1.23.   
O
Cp2Ti
Me1.17
76%
O
Cp2Ti
1.17
76%
O
Cp2Ti
1.17
35%
O
Cp2Ti
1.17
79%
Me
Me
(eq 1.1)
(eq 1.2)
(eq 1.3)
(eq 1.4)
Me
O
H
O
Me
O
Me
OMe
1.18 1.19
1.12 1.20
1.21 1.22
1.23 1.24
 
 After Whitby published their work, the Takaya group4 published a study of the 
insertion of CO into the C-Ti bond of a metallocyclopentene.   Takaya, in an attempt to 
study an analog to the CO insertion of the Pauson-Khand reaction, synthesized 
                                                 
(3) Hewlett, D. F.; Whitby, R. J. J. Chem. Soc., Chem. Commun. 1990, 1684-1686. 
(4) Mashima, K.; Haraguchi, H.; Ohyoshi, A.; Sakai, N.; Takaya, H. Organometallics 1991, 10, 2731-2736. 
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metalladihydrofurans.  While carbon monoxide inserted into the carbon-titanium bond, the 
complex did not reductively eliminate to form a cyclopentanone.   
 In Takaya’s work, a metallacyclopropane was reacted with an aldehyde in the method 
of Cohen and Bercaw.5  Metal complex 1.25 was reacted with aldehydes to form 1.26 in 31% 
to 83% yield.  1.26 was then reacted with CO resulting in ring expansion to form 1.27 in 
77% to 81% yield.  Takaya’s group was also able to substitute isocyanides for the CO.  
Treating 1.28 with isocyanides effected the formation of 1.29.  Takaya and coworkers did not 
observe reductive elimination and fell short of the HPK reaction.  They did, however 
provide a strong foundation for understanding the HPK reaction.    
Scheme 3. Takaya's metallacyclopropane 
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O
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(5) Cohen, S. A.; Bercaw, J. E. Organometallics 1985, 4, 1006-1014. 
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 Following the publication of the Takaya group, Crowe6 and coworkers published a 
reaction sequence amounting to a HPK reaction.  In the sequence the δ,ε-unsaturated 
carbonyl compound 1.12 is reacted with Cp2Ti(PMe3)2 to form metallocycle 1.20 in high 
yield.  Treatment of metallocycle 1.20 with CO at room temperature forms carbonyl 
complex 1.30.  Air oxidation at room temperature results in the formation of the desired 
complex 1.15.  Two substrates that were unsuitable for this reaction includes alkyne 1.23 and 
imine 1.33.  In both of these cases CO would not insert into the Ti-carbon bond.  This is 
likely due to the strength of the Ti-vinyl bond in complex 1.24 and the sterics of amide 1.34.  
In these cases Crowe’s reaction proceeded stepwise at 25 °C. 
Scheme 4. Crowe’s HPK sequence 
2
22 3 2
2
22 3 2
2
2 3 2
2
2 3 2
 
                                                 
(6) Crowe, W. E.; Vu, A. T. J. Am. Chem. Soc. 1996, 118, 1557-1558. 
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 Soon after Crowe’s publication, Buchwald and coworkers reported a similar 
reaction.7  Instead of a multistep process, the HPK reaction occurred in one step.  
Cp2Ti(PMe3)2 functions in the same manner as reported by Crowe, however the metallocycle 
reductively eliminated without the need of an air oxidant.  In most cases, the reductively 
eliminated catalyst was unable to re-enter the catalytic cycle due to the formation of 
Cp2Ti(CO)2, a highly stable metal complex (eq 1.5 and 1.6).  If the substrate were a derivative 
of acetophenone, the titanium reagent could function as a catalyst (eq 1.7 and 1.8).  
Buchwald proposes that the acetophenone assists in the catalyst turnover step (Scheme 1). A 
transient electron transfer reaction as illustrated in Scheme 6 would allow for the strong CO 
bond to be cleaved.  Once the electron transfer occurs back-bonding from the metal to the 
CO ligand would be minimized, weakening the Ti-CO bond and allowing for displacement 
with PMe3. 
                                                 
7 (a) Kablaoui, N. M.; Hicks, F. A.; Buchwald, S. L. J. Am. Chem. Soc. 1996, 118, 5818-5819. (b) 
Kablaoui, N. M.; Hicks, F. A.; Buchwald, S. L. J. Am. Chem. Soc. 1997, 119, 4424-4431. 
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Scheme 5. Buchwald Catalyst Turnover route 
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Scheme 6. Electron Transfer Mechanism 
Cp2Ti(CO)2
O
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 After Buchwald showed catalytic activity of the titanium catalyst under certain 
conditions, Crowe published a new methodology using a catalyst with a broader substrate 
range.8  Crowe found that the strain induced by an ethyl bridging ligand would destabilize 
the metal carbonyl compound and allow the catalyst to re-enter the catalytic cycle.  When the 
racemic form of this complex is submitted to reaction conditions a diastereoselective 
reaction occurs in which all substituents are pseudoequatorial. (eq 1.9 to 1.11)    
 
                                                 
(8) Mandal, S. K.; Amin, S. R.; Crowe, W. E. J. Am. Chem. Soc. 2001, 123, 6457-6458. 
Chapter 1: The Hetero-Pauson-Khand Reaction 
Page 9 
 
Ti CO
CO
1.47
O
CO
100 °C
92% 4.6:1
O
10 mol % 1.47
30% PMe3
O MeMe
O
CO
100 °C
79% >95:5
O30% PMe3
O
Me Me
O
CO
100 °C
90% >95:5
O
10 mol % 1.47
30% PMe3
O
Me Me
1.48
1.50
1.52
1.49
1.51
1.53
10 mol %
(eq 1.9)
(eq 1.10)
(eq 1.11)
 
 When the enantiopure catalysts was used in similar reactions, sterics control the 
stereochemistry of the cycloaddition step.  Enantio excesses are variable between 0% for 
unsubstituted substrates and 90% for more strained system.   
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 Titanium was the earliest metal shown to catalyze the HPK reaction.  Through 
multiple generations of development, the catalyst showed first stoichiometric activity, 
followed by limited catalytic activity, and finally both broad catalytic activity and enanto-
selective transformations.  No other HPK catalyst system has progressed so far down this 
path. 
B. Ruthenium 
 Ruthenium has been found to be a useful metal for HPK catalyst.  All ruthenium 
HPK reactions currently discovered have used catalytic quantities of Ru3(CO)12with an 
atmosphere of CO, most often at elevated pressure.  The discovery of the original 
ruthenium-catalyzed reaction was made by the Murai group. 
 In 1998, Murrai published a HPK reaction variant which required only catalytic 
quantities of Ru3(CO)12.9  At the time it was an early example of a catalytic HPK reaction.  
The reaction was demonstrated to work for the formation of both five and six-membered 
rings (eq 1.14 and 1.15). 
                                                 
(9) Chatani, N.; Morimoto, T.; Fukumoto, Y.; Murai, S. J. Am. Chem. Soc. 1998, 120, 5335-5336. 
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 Murai’s group continued by expanding the scope of this reaction to alkyne/imine 
systems.10  All imines used were iminal systems and no terminal alkynes were used.  Both 
five (eq 1.16) and six-membered tethers showed activity. 
 
 Following that work, Murai’s group published an expansion on this reaction in which 
a secondary coordination site increased the activity and scope of this reaction.11  In this 
paper Murai et al. showed both nitrogen heterocycles (eq 1.17) and keto-esters (eq 1.18) 
would coordinate to ruthenium and undergo an HPK reaction with ethene.  The primary 
analysis in this reaction was the importance of a phosphine additive for keto-esters.  In the 
case of substrate 1.66 no activity was detected without a phosphine additive. Murrai’s group 
                                                 
(10) Chatani, N.; Morimoto, T.; Kamitani, A.; Fukumoto, Y.; Murai, S. J. Organomet. Chem. 1999, 579, 
177-181. 
(11) Chatani, N.; Tobisu, M.; Asaumi, T.; Fukumoto, Y.; Murai, S. J. Am. Chem. Soc. 1999, 121, 7160-
7161. 
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expanded this chemistry to the imines of similar substrates with both ethene and propene 
(eq 1.19).12 
 
O
O
Me
OMe
O
O
Me
O
OMe
1.66 1.67
2.5 mol % Ru3(CO)12
7.5 mol % P(4-CF3C6H4)3
5 atm CO, 180 °C
3 atm C2H4
28%
(eq 1.18)
 
 
 Murai followed up this work with a full paper on the Ru3(CO)12 catalyzed HPK 
reaction.13  Keto-ester substrates were further elaborated (eq 1.20) and the chemistry was 
further expanded to non-gaseous olefins (eq 1.21).  Phosphine additive helps under certain 
conditions depending on the substrate.  Without a phosphine additive the HPK of 1.72 
resulted in only a 14% yield (eq 1.21).  Tethered olefins were synthesized to obviate the need 
for excess olefin (eq 1.22). 
                                                 
(12) Chatani, N.; Tobisu, M.; Asaumi, T.; Murai, S. Synthesis 2000, 925-928. 
(13) Tobisu, M.; Chatani, N.; Asaumi, T.; Amako, K.; Ie, Y.; Fukumoto, Y.; Murai, S. J. Am. Chem. Soc. 
2000, 122, 12663-12674. 
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 Imhof’s group showed that a similar transformation could be produced with 
substrate 1.77 to form a spirocycle.14  The effect of Fe2(CO)9 was also studied.  Only 
substrates in which the nitrogen protecting group were modified were analyzed. 
 
 Kang et al. expanded on Murai’s earlier work to react tethered allenes and carbonyl 
compounds to form γ-butyrolactones.15  Both tethered substrates that form five (eq 1.24) 
and six-membered rings (eq 1.25) were suitable for this reaction.   
                                                 
(14) Gobel, A.; Imhof, W. Chemical Communications 2001, 593-594. 
(15) Kang, S. K.; Kim, K. J.; Hong, Y. T. Angew. Chem. Int. Ed. 2002, 41, 1584-1586. 
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TsN
O
TsN
O
O
O
H
H
H
H
TsN
O
TsN
O
1 mol % Ru3(CO)12
20 atm CO
120 °C, 12 h
75%
1 mol % Ru3(CO)12
20 atm CO
120 °C, 12 h
60%
1.78 1.79
1.80 1.81
(eq 1.24)
(eq 1.25)
 
 A related transformation published by the Kondo group is the [2+2+1] of 
isocyanate, alkyne, and carbon monoxide.16  This reaction allows for rapid access to 
maleimides under only one atmosphere of CO.   
 
 Ruthenium has proven itself to be a powerful metal for catalyzing the HPK reaction.  
It has found extensive use with a variety of tethered and non tethered systems.  In most 
cases high pressure CO is required although lower CO pressures are known. 
C. Molybdenum 
 Molybdenum has been shown to mediate the HPK reaction in a manner analogous 
to the way cobalt effects the Pauson-Khand reaction.  Nether one requires an atmosphere of 
CO to perform this transformation when used stoichiometricly.  This can be seen as an 
advantage due to easier experimental setup; however, it brings with it the limitation that no 
                                                 
(16) Kondo, T.; Nomura, M.; Ura, Y.; Wada, K.; Mitsudo, T. A. J. Am. Chem. Soc. 2006, 128, 14816-
14817. 
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example explored here is catalytic.  Molybdenum does have a broader substrate scope in 
which the heteroatom can be nitrogen or oxygen and the carbon π-system can be an olefin, 
allene, or an alkyne.   
 The earliest example of a molybdenum-catalyzed HPK reaction is the work of Saito 
et al.17  In this reference, a fused pyrrolidinone ring is formed from a carbodiimide system 
and a tethered alkyne.  As is common in molybdenum catalyzed HPK reactions, a promoter 
is used to facilitate the reaction.  In this case DMSO is used, without  which no reaction 
occurs.  Eq. 1.27 and 1.28 are two examples of this work in which both aromatic substituted 
alkyne 1.87 and aliphatic alkyne 1.85 are suitable.  
N N
Me
O
Ph
N C NPr
Me 1.1 equiv Mo(CO)6
DMSO
C6H5Me, reflux, 1h
60%
(eq 1.27)
1.85 1.86
N N
Ph
O
n-Pr
N
C
Nn-Pr
Ph
1.1 equiv Mo(CO)6
DMSO
C6H5Me, reflux, 1h
55%
(eq 1.28)
1.87 1.88  
 Following the publication of Saito, Yu et al. published a report in which 
molybdenum carbonyl acts as a stoichiometric reagent in the reaction of allenes with various 
carbonyl compounds including ketones (eq 1.29 and 1.30) and aldehydes.18  As with previous 
examples, DMSO is used as an activator.  Yu’s group also proposed a mechanism for this 
                                                 
(17) Saito, T.; Shiotani, M.; Otani, T.; Hasaba, S. Heterocycles 2003, 60, 1045-1048. 
(18) Yu, C. M.; Hong, Y. T.; Lee, J. H. J. Org. Chem. 2004, 69, 8506-8509. 
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reaction (Scheme 7).  In the proposed mechanism, Mo(CO)6 1.93 reacts with two equivalents 
of DMSO to displace two CO groups, forming 1.94.  That reacts with allene 1.95 to form 
complex 1.96, which then cyclizes to form 1.97.  DMSO then aids in migration of CO into 
the carbon metal bond to form 1.98 which reductively eliminates to form the final product 
1.99.   
 
 
Scheme 7. Mechanism of Mo-mediated HPK 
Mo(CO)6
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-2 CO
Mo(CO)4(DMSO)2
X
R
O
Mo(CO)4
H
X
O
R
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H
R
X
O
Mo(DMSO)(CO)3
O
H
R
X
O
H
R
O
DMSO
1.99 1.98 1.97
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 The Yu group published a second paper in which a cyclopropylidienyl aldehyde 
participates in the HPK reaction.19  Instead of the previously used Mo(CO)6, C7H8Mo(CO)3 
was substituted.  Once again DMSO was used as a promoter.  Substituted aldehydes were 
treated with these conditions to explore the scope of this reaction (ex 1.31 and 1.32). 
TsN
O
O
H
H
Ts
N
H
O 1.5 equiv C7H8Mo(CO)3
10 equiv DMSO
C6H5Me, 100 °C, 5h
73%
(eq 1.31)
1.100 1.101
TsN
O
O
H
H
Ts
N
H
O 1.5 equiv C7H8Mo(CO)3
10 equiv DMSO
C6H5Me, 100 °C, 5h
64%
(eq 1.32)
1.102 1.103
Me
Me
 
 Adrio et al. expanded the scope to tethered aldehydes and alkynes using a 
Mo(CO)3(DMF)3 catalyst.20  They also showed the first example of a tether which forms a 
six-membered ring (eq 1.33).  Adrio’s group also found that triethylborane had a beneficial 
effect and reduced side products.  In addition to demonstrating the Exo selectivity of this 
reaction (eq 1.34) Adrio et al. synthesized the natural product (+)-dihydrocanadensolide 
epimer 1.111.  They began by treating alkyne 1.109 with HPK condition to form 1.110 which 
is then further elaborate to dilactone 1.111. 
                                                 
(19) Yu, C. M.; Hong, Y. T.; Yoon, S. K.; Lee, J. H. Synlett 2004, 1695-1698. 
(20) Adrio, J.; Carretero, J. C. J. Am. Chem. Soc. 2007, 129, 778-779. 
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Scheme 8. Adrio's Synthesis of (+)-Dihydrocanadensolide epimer 1.111 
 
 Molybdenum has proven itself to be a useful metal for the HPK reaction.  Although 
it is a stoichiometric reagent and not a catalyst, it makes up for that shortcoming by not 
requiring a CO atmosphere. 
D. Other Metals 
 Besides the metals discussed, there are other metals that have similar activity.  In 
most cases the literature is limited to one or two examples with no additional publications.  
The metals that account for the remainder of activity are the iron triad (Fe, Co, Ni) and 
rhodium. 
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i. Iron 
 Iron has a very low activity in the HPK reaction.  An argument can be made that 
iron was the original metal to effect this reaction.21,22 Scheme 9 shows alkyne 1.112 
undergoing a HPK with an isocyanate to form complex 1.114 which inserted CO to form 
malemide 1.115 in 42% yield. Following that, an iron mediated HPK was shown in which 
complex 1.116 undergoes a [2+2+1] reaction to form metal-bound complex 1.118 (Scheme 
10).  A further theoretical study was performed on iron systems by the Imhof Group.23 
 
Scheme 9. Ohshiro's HPK 
 
                                                 
(21) Ohshiro, Y.; Kinugasa, K.; Minami, T.; Agawa, T. J. Org. Chem. 1970, 35, 2136. 
(22) Vanwijnkoop, M.; Siebenlist, R.; Delange, P. P. M.; Fruhauf, H. W.; Vrieze, K.; Smeets, W. J. J.; 
Spek, A. L. Organometallics 1993, 12, 4172-4181. 
(23) Imhof, W.; Anders, E.; Gobel, A.; Gorls, H. Chem. –Eur. J. 2003, 9, 1166-1181. 
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Scheme 10. Iron mediated HPK 
 
ii. Cobalt 
 The second element from the iron triad that mediates this reaction is cobalt.  The 
Mukai group has demonstrated that Co2(CO)8 catalyzes the transformation of carbodiimide 
1.121 to lactam 1.122 in 57% yield.24  Mukai used this methodology to demonstrate the 
synthesis of (±)-Physostigmine 1.125 as shown in Scheme 11. 
 
                                                 
(24) (a) Mukai, C.; Yoshida, T.; Sorimachi, M.; Odani, A. Org. Lett. 2006, 8, 83-86. (b) Aburano, D.; 
Yoshida, T.; Miyakoshi, N.; Mukai, C. J. Org. Chem. 2007, 72, 6878-6884. 
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Scheme 11. Synthesis of (±)-Physostigmine 
 
 
iii. Nickel 
 The earliest example of a HPK reaction to be mediated by nickel was the [2+2+1] of 
isocyanate 1.26, acetylene 1.112, and CO after treatment with Ni(cod)2.25  The reaction 
proceeded in a two step process with stoichiometric nickel.  Ogashi demonstrated that a 
stepwise nickel mediated HPK reaction in which the intermediates 1.131 and 1.132 are 
bimetallic complexes.26  Carbon monoxide then inserts into the carbon nickel bond.   
                                                 
(25) Hoberg, H.; Oster, B. W. J. Organomet. Chem. 1982, 234, C35. 
(26) Ogoshi, S.; Oka, M.; Kurosawa, H. J. Am. Chem. Soc. 2004, 126, 11802-11803. 
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Scheme 12. Ni mediated aza-HPK 
 
 
Scheme 13. Nickel Mediated HPK 
 
iv. Rhodium 
 Saito et al. published a rhodium catalyzed HPK, which executes a [2+2+1] with an 
alkyne, diimide, and carbon monoxide (eq 1.36).27  The reaction required only one 
atmosphere CO to convert.   
                                                 
(27) Saito, T.; Sugizaki, K.; Otani, T.; Suyama, T. Org. Lett. 2007, 9, 1239-1241. 
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E. Conclusion 
 The hetero-Pauson-Khand reaction has proven itself to be a useful reaction that 
functions across a wide variety of substrates and metal mediators.  If was initially shown to 
be a useful general transformation with titanium with a few predecessors of other metals.  
That was followed up with molybdenum and ruthenium.  Lastly, a variety of other metals 
have shown at least preliminary indications that they are suitable for this reaction. 
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Chapter 2: Ruthenium Catalyzed Tandem Metathesis/ Hetero-Pauson-Khand 
Sequence 
 The introduction of more efficient methods of generation of carbon-carbon (C-C) 
bonds is one of the most important goals in synthetic organic chemistry.  The use of a 
tandem process that forms multiple C-C bonds would significantly shorten the syntheses of 
sought-after complex molecules.  We selected the hetero-Pauson-Khand (HPK) and ring 
closing metathesis (RCM) as two C-C bond forming reactions that could be united into a 
tandem process using a single ruthenium catalyst precursor.  In doing so we would obtain 
complex products by forming multiple rings in one reaction vessel.   
A. Tandem Catalysis 
 Tandem Catalysis is defined by Fogg and dos Santos as a transformation in which a 
substrate is transformed by two or more mechanistically distinct processes in one reaction 
vessel with all catalyst and precatalyst present at the outset.28  Since two steps are replaced 
with one, this technique allows for a significant reduction of energy, waste stream, time, 
materials, and overhead costs.  Many variations are possible within this basic framework.   
i. Examples of Tandem Catalysis 
 Depending on the relationship between the catalyst of the first step and the catalyst 
of the second step, tandem catalysis is subdivided into several different types.  In the first 
type, orthogonal tandem catalysis, two completely separate catalysts function independently 
                                                 
(28)  Fogg, D. E.; dos Santos, E. N. Coord. Chem. Rev. 2004, 248, 2365-2379. 
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of each other.  One of the catalysts transforms the starting materials into an intermediate and 
then the second catalyst transforms the intermediate into the final product.  For this 
transformation to be considered tandem catalysis, both catalysts must be present in the 
reaction mixture from the beginning.  Scheme 14 shows an example of Orthogonal Tandem 
Catalysis, in it a cross metathesis is executed between terminal olefin 2.1 and enone 2.2 using 
the Hoveyda-Grubbs’ catalyst 2.3 then a hydrogenation catalyzed by platinum oxide 
completes the tandem process.29   
Scheme 14. Orthogonal Tandem Catalysis 
Starting
Material Intermediate Product
Catalyst BCatalyst A
Catalyst A and B must both bepresent at outset
n-Hex
OH
H
O
+
n-Hex
OH
O
H
n-Hex
O
OHPtO2/
H2
45%
2.1 2.2 2.4 2.5
3.3
Ru
Cl
Cl
NMesMesN
i-PrO
 
 The second type of tandem reaction is auto tandem catalysis.  In this case, one 
catalyst is used that has two different functions; the catalyst transforms the starting material 
to an intermediate by one mechanism then transfers the intermediate to the final product by 
                                                 
(29) Cossy, J.; Bargiggia, F.; BouzBouz, S. Org. Lett. 2003, 5, 459-462. 
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a different mechanism.  In some examples, a stoichiometric transformation may occur 
between the two mechanisms.  In Scheme 15,  Auto Tandem Catalysis is illustrated by a 
tandem process in which metal catalyzed hydroformylation diene 2.6 is followed by a 
stoichiometric imine formation and finally a metal-catalyzed reduction of the imine to form 
cyclic diamine 2.8.30   
Scheme 15. Auto Tandem Catalysis 
Starting
Material Intermediate Product
Catalyst ACatalyst A
O
O
Me
Me
O
O
Me
Me
O
H
O
H
O
O
Me
Me
N
N
Bn
Bn
NH HNBn Bn
5
Rh(Acac)2(CO)2
CO/H2 59%
2.6 2.7 2.8  
 The last type of tandem reaction is Assisted Tandem Catalysis.  In this type a catalyst 
transforms a starting material into an intermediate. The catalyst is then chemically modified 
to give it new activity.  That new catalyst then transforms the intermediate to the final 
product.  Scheme 16 demonstrates assisted tandem catalysis with an example from the Rawal 
group.31  In this example palladium (II) catalyzes an allyl bromination of alkyne 2.9.  After 
that, the palladium is reduced by a copper additive and that palladium[0] complex catalyzes a 
Sonogashira cross coupling resulting in the formation of alcohol  2.12.   
                                                 
(30) Angelovski, G.; Eilbracht, P. Tetrahedron 2003, 59, 8265-8274. 
(31) Thadani, A. N.; Rawal, V. H. Org. Lett. 2002, 4, 4321-4323. 
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Scheme 16. Assisted Tandem Catalysis 
Starting
Material Intermediate Product
Catalyst A*Catalyst A
Catalyst
Modif ier
Ph Br
PdBr2(PhCN)2 Ph
Br
Ph
Me OH
Me
[Pd0]
Me
Me
OH
CuI/P(tBu)3
2.11
79%
2.9 2.10 2.12
 
 The use of tandem catalysis in total synthesis can reduce the number of steps 
necessary to access a desired compound.  An excellent example of this comes from the 
Grubbs’ group with their synthesis of R-(-)-muscone.32  In the synthesis, diene 2.13 initially 
undergoes a RCM followed by transfer dehydration of the alcohol and a hydrogenation of 
the olefin to afford R-(-)-muscone 2.16 in a single reaction vessel.  The rapid production of 
this significantly advanced and valuble product demonstrates the utility of a tandem 
procedure.   
                                                 
(32) Louie, J.; Bielawski, C. W.; Grubbs, R. H. J. Am. Chem. Soc. 2001, 123, 11312-11313. 
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Scheme 17. Grubbs’ Synthesis of R-(-)-Muscone 
OHOH
Me
Me
O O
[Ru]=CHPh NaOH
O
EtEt
H2
56%
2.13 2.14 2.15 2.16
 
ii. The Advantages of a tandem metathesis/ HPK 
 In analyzing the aforementioned procedures several features were noted that provide 
guidelines for an excellent tandem procedure.  The first is the introduction of molecular 
complexity through the formation of both C-C bonds and ring structures.  Each of these 
form at least one C-C bond and the examples from the Cossy, Angelovski, and Grubbs’ 
groups form ring structures.  The next is that in each example functionality formed in the 
first step in the tandem sequence is modified in the second step.  This expands the pool of 
possible retrons that can be used to access a desired compound.  The versatility of olefin 
metathesis can be used to advance a synthesis in that the olefin can serve as the reacting 
species in the next step.  The last is that these reactions should leave the final product in a 
useful oxidation state.  This avoids the need of oxidizing or reducing the substrate to the 
desired state.  A tandem sequence based on olefin metathesis and the HPK reaction would 
meet these goals. 
 Olefin metathesis and the HPK reaction have significant assets that when combined 
will form a useful tandem process.  The broad substrate scope, and stability of the ruthenium 
olefin metathesis catalysts lend themselves to tandem processes along with their ability to 
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form a variety of desired olefins.33  The newly formed olefin provides a synthetic handle that 
allows for additional functionalization.  One powerful reaction that functionalizes an olefin 
is the HPK reaction.  In it a γ-lactone is formed from an olefin, carbon monoxide, and a 
carbonyl compound.  The γ-lactone is a frequently encountered motif in chemical 
synthesis.34  Both of these processes have previously been catalyzed by common ruthenium 
catalysts.33,36  Uniting these two reactions in one tandem process seemed to be a reasonable 
goal for this project.  The first step is to analyze the HPK reaction and determine how it 
could be affected using a metathesis catalyst. 
B. History of the hetero-Pauson-Khand reaction 
 The HPK reaction has been demonstrated with a wide variety of metals.  The earliest 
examples were  Crowe35 (2.17-2.20) and Buchwald’s36 (2.21-2.22) independent development 
of a titanium catalized HPK reaction.  These papers outline the conversion of a tethered 
carbonyl-olefin complex to γ-lactone through either a series of intermediates as in Crowe’s 
work or in a single stoichiometric or catalytic transformation as demonstrated by 
Buchwald.37   These papers led to other groups working in the field using other metals. 
                                                 
(33) For examples of metathesis in total synthesis see. Nakamura, I.; Yamamoto, Y. Chem.l Rev. 2004, 104, 
2127-2198. 
(34) Bruckner, R. Curr. Org. Chem. 2001, 5, 679-718. 
(35) (a) Crowe, W. E.; Vu, A. T. J. Am. Chem. Soc. 1996, 118, 1557-1558 (b) Mandal, S. K.; Amin, S. R.; Crowe, 
W. E. J. Am. Chem. Soc. 2001, 123, 6457-6458. 
(36) (a) Kablaoui, N. M.; Hicks, F. A.; Buchwald, S. L. J. Am. Chem. Soc. 1996, 118, 5818-5819. (b) Kablaoui, N. 
M.; Hicks, F. A.; Buchwald, S. L. J. Am. Chem. Soc. 1997, 119, 4424-4431. 
(37) For a more detailed analysis of this reaction see chapter 1 
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Scheme 18. The Titanium Catalyzed hetero-Pauson-Khand Reaction 
 
O
25 °C, 2 h
91%
O
Cp2Ti
O
Cp2Ti
O
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25 °C, 12 h
83%
air (1 atm)
25 °C, 4 h
60%
O
O
Cp2Ti(PMe3)2
O
Me
O OMe10% Cp2Ti(PMe3)2
CO
98%
2.17 2.18 2.19 2.20
2.21 2.22
 
 The Murai group explored the scope of the ruthenium catalyzed HPK reaction in a 
series of papers that varied both the carbonyl substituents and the olefin or alkyne used.38  
The Murai group demonstrated that the HPK reaction operates on substrates like 
aldehyde/alkyne 2.23, imine/alkyne 2.25, pyridyl ketone/ethylene gas 2.27, pyridyl 
imine/ethylene gas 2.29, and keto-ester/ethylene gas 2.31.  This scope of reactivity was 
intriguing and suggested a deeper examination of this reactivity. 
                                                 
(38) (a) Chatani, N.; Morimoto, T.; Fukumoto, Y.; Murai, S. J. Am. Chem. Soc. 1998, 120, 5335-5336. (b) Chatani, 
N.; Morimoto, T.; Kamitani, A.; Fukumoto, Y.; Murai, S. J. Organomet. Chem. 1999, 579, 177-181. (c) Chatani, 
N.; Tobisu, M.; Asaumi, T.; Fukumoto, Y.; Murai, S. J. Am. Chem. Soc. 1999, 121, 7160-7161. (d) Chatani, N.; 
Tobisu, M.; Asaumi, T.; Murai, S. Synthesis 2000, 925-928. (e) Tobisu, M.; Chatani, N.; Asaumi, T.; Amako, K.; 
Ie, Y.; Fukumoto, Y.; Murai, S. J. Am. Chem. Soc. 2000, 122, 12663-12674. 
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EtOOC
O
SiMe3
O
SiMe3
O
2.23 2.24
2 mol % Ru3(CO)12
10 atm CO, 160 °C
92%
NAr
SiMe3
N
Ar
SiMe3
O
2.25 2.26
5 mol % Ru3(CO)12
10 atm CO, 160 °C
66%
EtOOC EtOOC
EtOOC
O
Me
N
2.27
N
O
Me
O
5 mol % Ru3(CO)12
10 atm CO, 160 °C
5 atm C2H4
92%
2.28
NAr
H
N
2.29
N
ArN
H
O
2.5 mol % Ru3(CO)12
5 atm CO, 160 °C
5 atm C2H4
97%
2.30
O
O
Ph
OMe
O
O
Ph
O
OEt
2.31 2.32
5 mol % Ru3(CO)12
15 mol % P(4-CF3C6H4)3
5 atm CO, 160 °C
5 atm C2H4
97%
(eq 2.1)
(eq 2.4)
(eq 2.3)
(eq 2.2)
(eq 2.5)
 
 
 We were encouraged by the depth of understanding the Murai group had amassed.  
In addition to the competence of ruthenium catalysts in HPK reactions, Murai has described 
the role of phosphine and the effects of both carbon monoxide and ethylene pressure.  The 
explanation for those effects touch upon subtle aspects of Murai’s proposed mechanism.38e  
In that mechanism, ketone 2.33 forms a chelate with ruthenium to form compound 2.34.  
Compound 2.34 then undergoes a cycloaddition through transition state 2.35 to form 
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Complex 2.36.  Insertion of CO into complex 2.36 results in the formation of compound 
2.37, which reductively eliminates to form 2.38 Murai’s key insight into this mechanism was 
that the rate determining step varies. In some cases the rate determining step is the olefin 
addition.  Those cases tend to involve keto-ester substrates and those where the olefin is 
sterically hindered.  Keto-esters are not as electron donating as pyridyl ketones: Lower 
electron donation results in reduced electron density at the metal and slows the oxidizing 
step until it becomes the rate determining step.  In other cases, the rate determining step is 
the CO insertion.  Those cases include pyridyl ketones and tethered olefins, which increases 
the rate of cycloaddition due to electronic activation and increased local concentrations 
respectively.  With a fast cycloaddition step, the CO insertion becomes the rate limiting step.  
Armed with the insights of the Murai group, we began studying a potential tandem process.   
 
Scheme 19. The ruthenium catalyzed hetero-Pauson-Khand reaction 
X
R' R
O X
R' R
O
[Ru]
X
R' R
O
[Ru]
X
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O
[Ru]
[Ru]
OX
O
R' R
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[Ru]
CO-[Ru]
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2.362.372.38  
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C.   Screening for Conditions 
 To find the optimal conditions for a tandem metathesis/ HPK sequence, the broad 
scope of reactivity for the two transformations has to be considered.  The intrinsic stability 
of the Grubbs-type catalyst works against the development of new tandem processes.  
Metathesis catalysts were developed to have selective metathesis activity and therefore 
reduce undesired side products.  To enable new types of reactivity requires significant 
alteration of the catalyst’s structure.  This suggests that an assisted tandem process in which 
a catalyst modifier is used to induce the required activity may be required.  Our plan is to 
modify the reactivity of Grubbs’ catalyst through the addition of select additives.  To find 
the correct additives, a consideration of both reactions in the sequence is necessary.   
 The standard reactivity of the metathesis reaction with olefins is through the 
Chauvin mechanism.39  In it catalyst 2.39 undergoes a metallo-[2+2] cycloadition with an 
olefin to form 2.40 followed by cleavage across the metallocyclobutane.  It is important to 
note the lack of a reductive elimination step.  If the catalyst did reductively eliminate, the 
catalytic cycle would be broken and the reaction would terminate. In comparison, the HPK 
reaction in Scheme 19 shows some very important changes in oxidation state.  The metal 
undergoes an oxidative insertion in the early steps (2.34 to 2.36) before reductively 
eliminating later on (2.37 to 2.38).  To turn a metathesis catalyst into a HPK catalyst the 
amount of electron density in the metal center must be increased by reducing it and ligands 
ligands should be added that support oxidative insertion and reductive eliminations.   
                                                 
(39) Herisson, J. L.; Chauvin, Y. Makromol. Chem. 1971, 141, 161-176. 
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 Carbon monoxide, which is used as the atmosphere for the hetero-Pauson Khand 
reaction is known to stabilize oxidative insertion and reductive elimination.40  This makes it 
an excellent ligand for our desired transformation.  Fortunately, Diver has shown a 
decomposition pathway with various Grubbs-type catalysts in the presence of CO (eq 2.7).41  
In this pathway, CO induces an intramolecular cyclopropanation followed by an electrocyclic 
ring opening.  This reactivity provides a mechanism that significantly changes the electronics 
of the catalyst. 
 
 To find the right additive that will shift the activity of the Grubbs-type catalyst from 
the standard metathesis activity to the activity of the second step an approximation is made.  
The traditional Grubbs-type catalysts are in fact precatalysts that undergo activation steps 
before entering the catalytic cycle.  These activation steps include disassociating the 
                                                 
(40)Spessard, G. O.; Miessler, G. L. Organometallic chemistry; Prentice-Hall: Upper Saddle River, N.J., 1997. p 178. 
(41) (a) Galan, B. R.; Gembicky, M.; Dominiak, P. M.; Keister, J. B.; Diver, S. T. J. Am. Chem. Soc. 2005, 127, 
15702-15703. (b) Galan, B. R.; Kalbarczyk, K. P.; Szczepankiewicz, S.; Keister, J. B.; Diver, S. T. Org. Lett. 
2007, 9, 1203-1206. 
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phosphine and displacing the benzylidene for a methylidine.  To find the approach additive, 
it is assumed that the precatalyst and active metathesis catalyst will react with the catalyst 
modifier in the same way.  
 One of the most important steps in finding an additive is to select the correct model 
reaction.  The goal is to find a reactive substrate that is sensitive to even minor catalytic 
activity and yet is easily accessible.  If possible, it is best to pick a substrate known to 
participate in that type of reaction.  If no known substrate is available, the substrate should 
be designed with the conformational restrictions in mind.  The design should use the 
mechanistic understanding of the reaction to bias the substrate toward a productive pathway.    
The model reaction used to find the right additive for the HPK reaction was the reaction of 
di-2-pyridyl ketone 2.44 with cyclopentene.  Although pyridines are not usually considered 
compatible with metathesis, the HPK of these compounds is known to be a high yielding 
reaction when done with Ru3(CO)12.38e  That led us to screen additives for the tandem 
process.   
 
 To screen different additives, Grubbs’ second generation catalyst was first treated 
with CO to form the Diver complex 2.4341 in situ. That species was then treated with various 
reducing agents including zinc, lithium, calcium hydride, sodium hydride, sodium 
borohydride, sodium cyanoborohydride, and hydrogen gas.  All of these additives gave no 
HPK activity except for sodium hydride. It proved to provide unreliable reactivity and up to 
66% yield.  In one instance, a stock solution was split in to two portions and treated 
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separately with sodium hydride to give 66% yield in one case and no reactivity in the other.  
Exploration of this variability led to screening various basic additives.  After screening 
sodium hydroxide, potassium hydroxide, and sodium methoxide it was found sodium 
methoxide gave consistent results while the others gave no activity.42  The reproducible yield 
at that time for 10 mole % Grubbs’ second generation catalyst, 10 mol % sodium methoxide 
and approximately 5 atm CO was 46%.  Screening different amounts of sodium methoxide 
up to 20% yielded better results.  After several more optimization steps, including pressure 
and reaction times, the yield of this reaction was increased to 73%.  Attempts to reduce the 
required 10 equivalents of olefin resulted in reduced conversion.  These crudely optimized 
conditions would provide a suitable starting point for development of the tandem reaction 
sequence. 
O
NN 1) 10 mol % 2.42
2) 20 mol % NaOMe
3) 160°C, 20 h
5 atm CO
10 equiv
O
O
Py
Py
73%
+
2.44 2.45
(eq 2.9)
 
                                                 
(42) For an example of Methanol or sodium methoxide reducing a Ruthenium Chloride see (a) Haga, M. A. 
Inorganica Chimica Acta-Letters 1980, 45, L183-L184. (b) Wilczewski, T.; Bochenska, M.; Biernat, J. F. Journal of 
Organometallic Chemistry 1981, 215, 87-96. (c) Bruce, M. I.; Jensen, C. M.; Jones, N. L.; Sussfink, G.; Herrmann, 
G.; Dase, V. Inorg. Synth. 1989, 26, 259-263. (d) Jia, G.; Morris, R. H. Journal of the American Chemical Society 1991, 
113, 875-883. (e) Evans, E. W.; Howlader, M. B. H.; Atlay, M. T. Inorganica Chimica Acta 1995, 230, 193-197. 
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 For a tandem process to occur, the olefin produced in the metathesis step needs to 
be consumed in the HPK step.  Since the HPK step requires multiple equivalents of olefin in 
the model reaction, a tethered substrate was used to simulate high olefin concentration.  
Murai’s group had demonstrated some tethered substrates in their work, however, they were 
mono olefins and not dienes.  We began by looking at keto esters.  These were unsuccessful.  
Even the tethered keto ester 2.46 did not participate in the HPK to form the desired 
γ-lactone.  This may be due to a lack of lewis basicity of the coordinating ketone as 
compared to the pyridine of the model reaction.  Tethered pyridyl ketone substrates were 
then examined which likely had a higher probability of participating in this reaction.   
 
D. Substrate Development 
 To synthesize a substrate for this reaction, we were able to make use of previous 
work from our group.  Iodide 2.51 was made previously through the sequence shown in 
Scheme 20.43  In it commercially available diene 2.48 was treated under Johnson Ortho-Ester 
Claisen rearrangement conditions to yield ester 2.49, which was reduced by LAH to give 
alcohol 2.50, which was converted to iodide 2.51 by iodine and triphenyl phosphine.  Iodide 
2.51 was metallated using t-butyl lithium and added to the appropriate Weinreb amide 2.5244 
                                                 
(43) Seigal, B. A.; Fajardo, C.; Snapper, M. L. J. Am. Chem. Soc. 2005, 127, 16329-16332. 
(44) Banwell, M.; Smith, J. Synth. Commun. 2001, 31, 2011-2019. 
Chapter 2: Ruthenium Catalyzed Tandem Metathesis/ Hetero-Pauson-Khand Sequence 
Page 38 
 
to afford desired diene 2.53.   We could then begin to study the reactivity of this diene in the 
tandem process. 
 
Scheme 20. Six-Membered Metathesis Ring Substrate 
O
OEt OH
I
LAH I2, PPh3
N
O
N
Me
OMe
1) t-BuLi, -78 °C, ether
2) ether
61%
OH MeC(OEt)3, EtCO2H
reflux
88% 99% 65%
O
N
2.48 2.49 2.50
2.51 2.532.52
 
 The use of Lewis basic functionality, such as pyridyl ketones generally causes a 
significant problem in metathesis reactions.  Coordination of the pyridine to the catalyst 
saturates a coordination site on the metal and inhibits further reactivity.45  In this case, in 
contrast to our expectations, heating the reaction mixture to 100 °C yielded RCM product 
2.54 in 92% yield.  When the overall tandem process was performed tricyclic structure 3.55 
was produced in 72% yield as a single diastereomer (eq 3.11).  In order to test the scope of 
the RCM, two additional substrates were synthesized testing the tandem process for closure 
of a five and seven membered ring by metathesis. 
                                                 
(45) For examples of RCM with nitrogen compounds see Felpin, F. X.; Vo-Thanh, G.; Robins, R. J.; Villieras, J.; 
Lebreton, J. Synlett 2000, 1646-1648. Phillips, A. J.; Abell, A. D. Aldrichimica Acta 1999, 32, 75-89. 
Chapter 2: Ruthenium Catalyzed Tandem Metathesis/ Hetero-Pauson-Khand Sequence 
Page 39 
 
 
 
 
 The five membered ring variant was synthesized from known alcohol 2.5646 by 
converting it to iodide 2.57 followed by treatement with t-butyl lithium and addition to 
ketone 2.52.   Submission of 2.58 to the same conditions as 2.53 resulted in tricyclic 
compound 2.60 in 76% yield (eq 2.13).  With both the five and six membered metathesis 
rings in hand the synthesis of the seven membered variant became of interest.  
 
                                                 
(46) Lee, E.; Yoon, C. H.; Lee, T. H.; Kim, S. Y.; Ha, T. J.; Sung, Y. S.; Park, S. H.; Lee, S. J. Am. Chem. Soc. 
1998, 120, 7469-7478. 
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O
N O N
O
O
N10 mol % 3.42
100 °C, 1 h
20 mol % NaOMe
7 atm CO
180°C, 36 h
76%2.58 2.59 2.60
(eq 2.13)
 
    Production of the seven membered ring variation was accomplished through the 
pathway in Scheme 21.  Enone 2.61 was treated with vinyl grignard in the presence of 
copper iodide resulting in a 1,4-addition.47  The resulting ester 2.62 was reduced with lithium 
aluminum hydride to form alcohol 2.63, which was in turn iodinated using iodine and 
triphenyl phosphine to form iodide 2.64.  Treatment of that compound with t-butyl lithium 
and addition to the appropriate Weinreb amide resulted in pyridyl ketone 2.65.   
 
                                                 
(47) Hanessian, S.; Yang, Y.; Giroux, S.; Mascitti, V.; Ma, J. U.; Raeppel, F. J. Am. Chem. Soc. 2003, 125, 13784-
13792. 
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Scheme 21. Synthesis of a Seven-Membered Ring 
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 Submission of pyridyl ketone 2.65 to the tandem conditions resulted in the 
formation of tricylclic structure 2.67 in 71% yield (eq 2.14).  We were intrigued to find a 
different stereochemical outcome for this substrate as compared with the five and six 
membered ring containing systems.  The five and six membered rings resulted in the 
bridgehead protons having a syn relative stereochemistry.  Increasing the size of the 
metathesis ring results in the bridge head carbon outside the lactone becoming inverted.     
 
 Structures obtained by single-crystal x-ray diffraction were used to aid in analysis of 
the stereochemistry of the six and seven membered rings.  Analyzing the crystal structures of 
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2.55 and 2.67 indicate the reason for the difference between the six and seven membered 
ring substrates.  The inversion of stereochemistry at the bridgehead carbon between the 
metathesis ring and the ketone tether may be explained by the longer tether allowing for a 
lower energy conformer.  MM2 calculations of both the formed conformer and the epimer 
of the formed conformation were performed and shows that the lower energy of both is 
formed.  Although it is more likely that the stereochemistry of that position is set at the 
ruthenium insertion step, this calculation can be used to explain the experimental results.   
Figure 1 MM2 Energy of 2.55 and 2.67 
O
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N
2.55 2.67
Crystal Structure
epi-2.55
27.6 kcal/mol
33.1 kcal/mol
32.2 kcal/mol
36.9 kcal/mol
MM2 Energy Calculation
2.55
epi-2.67
2.67
O
O
N
H
 
 There are few over-all trends for dienes 2.53, 2.58, and 2.65.  The yields only vary 
slightly, with the five membered ring substrate giving the highest yield at 76% and the seven 
membered ring giving the lowest yield at 71%.  This series of compounds are all aliphatic 
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ketones, to test whether a non enolizable ketone would react in a similar maner an aromatic 
substrate was synthesized. 
 The synthesis of an aromatic, non-enolizable ketone substrate began with the 
allylation of iodide 2.6848 with a modification of the procedure of Dubois et al.49 to give 
Weinreb amide 2.70.  Treatment of the Weinreb amide 2.70 with 2-lithiopyridine resulted in 
the formation of the desired pyridyl ketone 2.71.   
Scheme 22. Synthesis of 2.71 
 
 Diene 2.71 was submitted to the tandem HPK conditions resulting in tetracyclic 
structure 2.73 in 61% yield.  This yield is lower than the previous systems, however the 
aromatic substrate is more rigid. Further analysis was performed on the stereochemistry of 
this system. 
                                                 
(48) Brunette, S. R.; Lipton, M. A. J. Org. Chem. 2000, 65, 5114-5119. 
(49) Querolle, O.; Dubois, J.; Thoret, S.; Roussi, F.; Gueritte, F.; Guenard, D. J. Med. Chem. 2004, 47, 5937-
5944. 
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O
Py
O
Py
OPy O
10% 3.42
100 °C, 1 h
20 mol %NaOMe
7 atm CO
180°C, 36 h
61%
2.71 2.72 2.73
(eq 2.15)
 
A crystal structure was obtained to aid in the analysis of this system and is shown in Figure 
2.  The sole diastereomer formed had all bridgehead junctures and the pyridyl ring in a cis 
orientation.  Once a greater understanding of rings size was obtained, ether tethered 
substrates were developed to determine if suspected isomerization of the olefin would 
compete with the HPK reaction.  
 
Figure 2 Crystal Structure of 2.73 
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 The initial hetero-Pauson-Khand work developed by Murai indicates that 
isomerization of the reactive olefin can lead to undesired side products.  To test whether this 
would be a problem in our methodology, we developed systems in which an ether bridge is 
present in the metathesis ring.  To access this system, known lactone 2.74 was converted to 
Weinreb amide 2.75 by treatment under standard conditions.  The free alcohol was then 
allylated by treatment with sodium hydride and allyl bromide in a THF/DMF solvent system 
to form diene 2.76.  The diene was then treated with lithiated 2-bromopyridine resulting in 
the desired pyridyl ketone 2.77.   
Scheme 23 Synthesis of 2.76 
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 Submission of pyridyl ketone 2.77 to HPK conditions resulted in the formation of 
tricyclic compound 2.79 in 51% yield.  Analysis of the crude 1H-NMR suggests that the 
primary side product is the isomerized disubstituted enol ether with the olefin conjugation to 
the ether linkage.  The side product was not stable to the necessary purification conditions.  
To test whether the isomerization side path would be affected by metathesis ring size, a six-
membered ether tethered ring was also synthesized.   
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 To access a structure including a six-membered ring and an ether linkage, known 
alcohol 2.80 was treated under the Johnson ortho-ester Claisen rearrangement conditions to 
form ethyl ester 2.81 in 75% yield.  The ester was then reduced with lithium aluminum 
hydride to form alcohol 2.82 in 52% yield.  Iodination under standard conditions resulted in 
the formation of iodide 2.83 in 44% yield.  Lithiation of that iodide with t-butyl lithium and 
addition of the Weinreb amide of 2-pyridyl carboxylate resulted in the formation of pyridyl 
ketone 2.84 in 25% yield.  That compound was then submitted to tandem HPK conditions. 
Scheme 24 Synthesis of 2.84 
 
 The submission of pyridyl ketone 2.84 to tandem HPK conditions resulted in the 
formation of tricyclic structure 2.86 in 44% yield.  Once again the primary side product 
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seems to be the enol ether.  The lower yield as compared to five-membered ring 2.77 is most 
likely due to a more facile isomerization.   
 
 The scope of this reaction has been explored through the development of six 
separate functioned substrates.  They indicate that under normal circumstances the size of 
the metathesis ring has relatively little effect on the yield of the reaction, however if 
isomerization is a viable competing pathway, the yield will be reduced and a six membered 
ring will generally have a lower yield than a five membered ring.  This chemistry also works 
for both aromatic and aliphatic tethered substrates.   
E. Unsuitable Substrates 
 In attempting to explore the scope of the tandem metathesis HPK reaction several 
substrates were synthesized that did not successfully participate in this reaction.   The two 
substrates do indicate some limitations of this chemistry.  The first substrate is analogous to 
pyridyl ketone 2.53 with the modification of a longer tether.  Access to the desired substrate 
was gained from known iodide 2.51.  The iodide was treated with t-butyl lithium to form the 
lithiated compound followed by addition to 1,3,5-trioxane 2.87 to form homologated alcohol 
2.88.  That alcohol was treated under standard conditions to form iodide 2.89.  The iodide 
was then treated with t-butyl lithium and the appropriate Weinreb amide to form pyridyl 
ketone 2.90.   When this substrate was submitted to the optimized conditions the product 
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mixture consisted of RCM product and possibly trace of desired product.  This may indicate 
this substrate is simply slower to react than the shorter tethered analogs.  A future 
investigation of this substrate may require significantly longer reaction time or higher 
temperature.   
Scheme 25. Synthesis of 2.90 
 
 A second variation on pyridyl ketone 2.53 is the pyrimidine variation 2.92.  The 
pyrimidine was accessed from iodide 2.51 through Grignard addition to nitrile 2.91.  When 
submitted to HPK conditions only the RCM product was detected.  Changing the nature of 
the coordinating group may change how electron rich the ruthenium center is and therefore 
the rate of cycloaddition.  
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 In addition to the previously mentioned substrates, a phenyl substrate was 
synthesized to determine if the pyridyl ketone was a required to be part of the substrate or if 
it was functioning merely as an additional ligand in this reaction.  To synthesis this 
compound we reacted known iodide 2.51 with Weinreb amide 2.53 to obtain phenyl ketone 
2.93.  The substrate was then submitted to tandem HPK conditions as a one to one mixture 
with pyridyl ketone 2.53.  The final reaction mixture consisted of the tricyclic HPK product 
of the pyridyl ketone only.  The phenyl ketone was converted to the ring closing product 
2.94 in 80% yield.  No desired HPK product from the phenyl ketone was obtained.  The 
pyridyl ketone appears to be required for this reaction to proceed.  
 
O
N
O O
O
O
Py
+ +
1) 10 mol % 2.42
2) 20 mol % CO
7 atm CO
65% 80%
2.53 2.93 2.55 2.94
(eq 3.20)
 
F. Conclusion 
 We have shown the development of a tandem metathesis/ HPK reaction sequence.  
By mechanism-guided exploration of additives we found that treatment of the Grubbs’ 
second generation catalyst 2.42 with carbon monoxide followed by addition of sodium 
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methoxide and high pressure CO provided the desired HPK activity.  We then synthesized 
and explored several interesting substrates to understand the scope of this reaction. 
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G.   Chapter 2 Experimental Procedures  
 Starting materials and reagents were purchased from commercial suppliers and used 
without further purification except the following: Catalysts 2.42 was obtained from Materia 
and was purified by silica gel chromatography (20% Et2O in hexanes) to isolate the intensely 
colored band (cranberry red); tetrahydrofuran, CH2Cl2 were dried on alumina columns using 
a solvent dispensing system;50 hexanes where distilled prior to use in chromatography. Dry 
methanol  was prepared by distillation from Mg(OMe)2. Sodium Methoxide solution (0.5 M) 
was prepared immediately prior to use by dissolving sodium hydride (12 mg, 0.50 mg) in dry 
methanol (1 mL). All reactions were conducted in oven (135 °C) or flame-dried glassware 
under an inert atmosphere of dry nitrogen. Carbon monoxide pressure reactions were run in 
an Andrews Glass Company Lab Crest 3-oz pressure vessel.  The silica gel used for 
purification was Silicycle Silia Flash ® P60 40-63 μm (230-400 mesh) and was oven dried 
before use.  
 Infrared (IR) spectra were recorded on a Mattson Galaxy Series FTIR 5000. Bands 
are characterized as broad (br), strong (s),medium (m) and weak (w). 1H NMR spectra were 
recorded on Varian Gemini 400 (400 MHz). Chemical shifts are reported with the solvent as 
the internal standard (CHCl3 δ 7.26 ppm). Data are reported as follows: chemical shift, 
integration, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br = broad, m 
=multiplet), and coupling constants (Hz). 13C NMR spectra were recorded on a 
VarianGemini 400 (100 MHz) with complete proton decoupling. Chemical shifts are 
reported in ppm with the solvent as an internal reference (CDCl3 δ 77.16 ppm). High 
resolution mass spectral analyses (HRMS) were run on a JEOL AccuTOF DART.   
                                                 
(50) Pangborn, A. B.; Giardello, M. A.; Grubbs, R.H.; Rosen, R. K.; Timmers, F. J. Organometallics 1996, 15, 
1518. 
 
Chapter 2: Ruthenium Catalyzed Tandem Metathesis/ Hetero-Pauson-Khand Sequence 
Page 52 
 
 
General Procedure for Tandem Ring Closing Metathesis/hetero-Pauson-Khand 
 
 Inside a nitrogen atmosphere dry box, a magnetic stir bar was placed in an oven 
dried Lab Crest pressure vessel and the vessel was capped with a septa.  The edges of the 
septa were sealed with black electrical tape and the tube was removed from the dry box and 
placed under positive nitrogen pressure.  To the tube was added a mixture of diene (0.15 
mmol) and toluene (1.5 mL) by syringe followed by a mixture of Grubbs’ Second 
Generation Catalyst X.X (13 mg, 0.015 mmol) and toluene (1.5 mL).  The tube was placed in 
an oil bath and warmed to 100 °C for 1 h. At the end of that time period, heating was 
discontinued and the tube was allowed to cool for 30 min.  At that time, carbon monoxide 
was sparged into the reaction mixture for 3 min followed by sodium methoxide (60 μL, 0.5 
M in MeOH, 0.03 mmol) and a second 3 min sparge of carbon monoxide.  The septa was 
replaced with a pressure coupling and the coupling was attached to a carbon monoxide tank.  
The tube was placed behind a safety shield and the tube was pressurized to 100 psig (7 atm) 
and released three times.  On the fourth pressurization the tube was warmed to 180 °C for 
30 h in an oil bath.  At the end of that time, the reaction was allowed to cool to room 
temperature and the pressure was released.  The solvent was then removed under vacuum to 
provide the crude product which was purified by silica gel chromatography.   
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General Procedure for Iodination of an alcohol 
 
 Following the procedure of Seigal et al.51  iodine was added to a stirring solution of 
the alcohol, triphenyl phosphine, imidazole diethyl ether and acetonitrile at 0 °C. After 30 
min the reaction was quenched with saturated sodium thiosulfate (aq).  The reaction mixture 
was extracted with saturated sodium thiosulfate until the organic phase was colorless.  The 
organic phase was separated, dried over MgSO4 and concentrated to yield the crude product.  
The crude reaction mixture was purified by silica gel chromatography. 
 
General Procedure for Addition of 2-pyridyl bromide to a Weinreb amide 
 
 To a stirring solution of 2-pyridyl bromide in diethyl ether at -78 °C was added n-
butyl lithium.  The reaction mixture was stirred at -78 °C for 1 h.  After that time, the 
reaction mixture was transferred by cannula to a reaction flask containing a stirring solution 
of Weinreb amide and Et2O (0.05 M) at -78 °C.  The reaction was allowed to warm 
overnight.  At that time, the reaction was quenched with ammonium chloride (sat.) and was 
extracted with Et2O brine.  The organic layer was dried over MgSO4 and concentrated to 
provide the crude product which was purified by silica gel chromatography. 
                                                 
(51) Seigal, B. A.; Fajardo, C.; Snapper, M. L. J. Am. Chem. Soc. 2005, 127, 16329-16332. 
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1-(pyridin-2-yl)-4-vinylnon-8-en-1-one (2.53) 
 
 To a stirring solution of the iodine51 2.51 (525 mg, 2.0 mmol) in Et2O (8.3 mL) at -78 
°C was added t-BuLi (2.5 mL, 4.0 mmol, 1.6 M in pentane).  After 30 min, a solution of N-
methoxy-N-methyl-2-pyridinecarboxamide 52 (300 mg, 1.8 mmol) in Et2O (1.5 mL) was 
added to the reaction mixture by syringe.  The reaction was allowed to stir at -78 °C for 10 
min and then allowed to warm to room temperature. When the Weinreb amide had vanished 
by TLC (~2 h), the reaction was quenched with NH4Cl (sat) (5 mL) and extracted with Et2O 
(3 x 25 mL) and 2 N NaOH (3 x 25 mL).  The organic layer was removed, dried over 
MgSO4, and concentrated.  The crude product was purified by silica gel chromatography (2 
cm x 10 cm, 10% Et2O in hexanes) to provide pyridyl ketone 2.53 (268.8 mg 61% yield) as a 
clear colorless oil. 
 
1H NMR (CDCl3, 400 MHz) δ 1.48-1.29 (4H, m), 1.65 (1H, ddt J = 13.7, 9.3, 7.3 Hz), 1.84 
(1H, dtd, J = 13.6, 7.9, 5.0 Hz), 2.10-1.98 (3H, m), 3.20 (2H, t, J = 7.3 Hz), 4.93 (1H, ddt, 
J=10.0, 2.2, 1.3 Hz), 4.97 (1H, dt, J = 3.8, 1.6 Hz), 4.99 (1H, dd, J=2.0, 0.6 Hz), 5.02-5.00 
(1H, m),  5.55 (1H, ddd, J = 16.5, 10.8, 8.8 Hz), 5.80 (1H, ddt, J = 17.0, 10.3, 6.8 Hz) 7.45 
(1H, ddd, J = 7.5, 4.8, 1.3 Hz), 7.82 (1H, td, J = 7.9, 1.7 Hz), 8.03 (1H, ddd, J = 7.9, 1.3, 0.9 
Hz), 8.67 (1H, ddd, J = 4.8, 1.8, 0.9 Hz). 
 
13C NMR (CDCl3, 100 MHz) δ 202.3, 153.8, 149.1, 142.7, 139.1, 136.9, 127.0, 121.9, 115.3, 
114.5, 44.0, 35.8, 34.8, 34.0, 29.2, 26.8. 
 
FTIR (NaCl, thin film) 3073 (m), 2977 (m), 2860 (m),  1698 (s), 1640 (w), 1584 (w), 1436 
(w), 995 (w), 913 (w) cm-1. 
 
                                                 
(52) Banwell, M.; Smith, J. Synth. Commun. 2001, 31, 2011-2019. 
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HRMS (DART, [M+H]+): Found 244.1711, calcd for C16H22NO 244.1701. 
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3-(cyclohex-2-enyl)-1-(pyridin-2-yl)propan-1-one (2.54) 
O
N O N10 mol % 2.43
100 °C, 1 h
92%2.53 2.54
 
 
 To a stirring solution of diene 2.53 (23.7 mg, 0.1 mmol) in toluene (1 mL) was added 
a solution of catalyst 2.43 (8 mg, 0.01 mmol) in toluene (1 mL).  The reaction was warmed to 
100 °C for 1 h.  The reaction was then allowed to cool to room temperature and 
concentrated.  The crude reaction mixture was purified by silica gel chromatography (1 cm x 
4 cm, 10% Et2O in hexanes) to provide pyridyl ketone 2.54 (19.3 mg, 92% yield) as a clear 
colorless oil. 
 
1H NMR (CDCl3, 400 MHz) δ 8.70-8.66 (1H, m), 8.06-8.02 (1H, m), 7.86-7.80 (1H, m), 
7.49-7.44 (1H, m), 5.73-5.60 (2H, m), 3.27 (2H, t, J = 7.7 Hz), 2.24-2.12 (1H, m), 2.02-1.94 
(2H, m), 1.88–1.68 (4H, m), 1.60-1.46 (1H, m), 1.34-1.24 (1H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 202.3, 153.6, 149.0, 136.9, 131.6, 127.5, 127.1, 121.9, 35.3, 
35.0, 30.4, 29.1, 25.5, 21.6. 
 
FTIR (NaCl, thin film) 3014 (m), 2947 (m), 2860 (m), 2837 (m), 1696 (s), 1584 (w), 1436 
(m), 1369 (m), 1322 (m), 1213 (m), 995 (m), 755 (w), 722 (w), 659 (w), 618 (w) cm-1. 
 
HRMS (DART, [M+H]+): Found 216.1382, calcd for C14H18N1O1 216.1388. 
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(±)-(2aR*,2a1S*,5aR*,7aS*)-7a-(pyridin-2-yl)octahydroindeno[1,7-bc]furan-2(2a1H)-one (2.55) 
 
 
 The general tandem RCM/HPK procedure was followed with diene 2.53 (37.1 mg, 
0.15 mmol).  The crude reaction mixture was purified by silica gel chromatography (1 cm x 5 
cm, 30% Et2O in hexanes with 1% AcOH) to provide lactone 2.55 (26.6 mg, 72% yield) as a 
gray solid. 
 
1H NMR (CDCl3, 400 MHz) δ 8.58 (1H, ddd, J = 4.8, 1.5, 0.7 Hz), 7.68 (1H, td, J = 8.1, 1.8 
Hz), 7.52 (1H, dt, J = 8.1, 1.1 Hz), 7.20 (1H, ddd, J = 7.7, 4.8, 1.1 Hz), 3.17 (1H, t, J = 10.3 
Hz), 2.78-2.71 (1H, m), 2.52 (1H, dt, J = 16.5, 9.5 Hz),2.35-2.10 (3H, m), 1.80-1.72 (3H, m), 
1.60 (1H, tdd, J = 13.5, 6.2, 3.3 Hz), 1.52-1.42 ( 2H, m), 1.38-1.28 (1H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 179.3, 160.8, 149.3, 136.7, 122.6, 119.5, 96.4, 45.8, 39.8, 37.6, 
37.1, 29.7, 26.3, 24.1, 17.5. 
 
FTIR (NaCl, thin film) 3059 (w), 3026 (w), 2915 (s), 1771 (s), 1590 (w), 1469 (w), 1436 (w), 
1196 (w), 1142 (w), 1050 (w), 958 (w) cm-1. 
 
HRMS (DART, M+): Found 244.1330, calcd for C15H18N1O2 244.1338. 
 
mp 120 °C dec 
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Table 1.  Crystal data and structure refinement for C15H17NO2. 
Identification code  C15H17NO2 
Empirical formula  C15 H17 N O2 
Formula weight  243.30 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21/c  
Unit cell dimensions a = 11.509(2) Å = 90°. 
 b = 5.4181(11) Å = 99.370(3)°. 
 c = 19.681(4) Å  = 90°. 
Volume 1210.9(4) Å3 
Z 4 
Density (calculated) 1.335 Mg/m3 
Absorption coefficient 0.088 mm-1 
F(000) 520 
Crystal size 0.08 x 0.08 x 0.06 mm3 
Theta range for data collection 1.79 to 26.00°. 
Index ranges -14<=h<=14, -6<=k<=6, -24<=l<=24 
Reflections collected 12019 
Independent reflections 2384 [R(int) = 0.0484] 
Completeness to theta = 26.00° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9947 and 0.9930 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2384 / 179 / 163 
Goodness-of-fit on F2 1.086 
Final R indices [I>2sigma(I)] R1 = 0.0540, wR2 = 0.1280 
R indices (all data) R1 = 0.0750, wR2 = 0.1378 
Extinction coefficient na 
Largest diff. peak and hole 0.222 and -0.179 e.Å-3 
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Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 
103) 
for C15H17NO2.  U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
________________________________________________________________________
________ 
 x y z U(eq) 
________________________________________________________________________
________ 
N(1) 2441(2) -645(4) -322(1) 37(1) 
O(1) 4132(1) 4646(3) 2055(1) 40(1) 
O(2) 3168(1) 4013(3) 1000(1) 26(1) 
C(1) 3559(2) 3280(4) 1654(1) 26(1) 
C(2) 3181(2) 670(4) 1757(1) 26(1) 
C(3) 2896(2) 197(5) 2473(1) 35(1) 
C(4) 1714(2) 1296(5) 2556(1) 34(1) 
C(5) 753(2) 170(5) 2028(1) 36(1) 
C(6) 930(2) 669(4) 1291(1) 29(1) 
C(7) 2198(2) 202(4) 1148(1) 24(1) 
C(8) 2396(2) 2188(4) 612(1) 24(1) 
C(9) 1210(2) 3442(4) 395(1) 30(1) 
C(10) 636(2) 3283(5) 1037(1) 33(1) 
C(11) 2941(2) 1337(4) 6(1) 25(1) 
C(12) 3837(2) 2606(5) -221(1) 37(1) 
C(13) 4244(2) 1829(5) -804(1) 41(1) 
C(14) 3744(2) -201(5) -1147(1) 37(1) 
C(15) 2855(2) -1363(5) -886(1) 42(1) 
________________________________________________________________________
________
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Table 3.   Bond lengths [Å] and angles [°] for C15H17NO2. 
_____________________________________________________ 
N(1)-C(11)  1.334(3) 
N(1)-C(15)  1.335(3) 
O(1)-C(1)  1.197(3) 
O(2)-C(1)  1.353(3) 
O(2)-C(8)  1.459(2) 
C(1)-C(2)  1.503(3) 
C(2)-C(3)  1.520(3) 
C(2)-C(7)  1.529(3) 
C(3)-C(4)  1.518(3) 
C(4)-C(5)  1.516(3) 
C(5)-C(6)  1.523(3) 
C(6)-C(10)  1.522(3) 
C(6)-C(7)  1.551(3) 
C(7)-C(8)  1.550(3) 
C(8)-C(11)  1.507(3) 
C(8)-C(9)  1.522(3) 
C(9)-C(10)  1.521(3) 
C(11)-C(12)  1.373(3) 
C(12)-C(13)  1.375(3) 
C(13)-C(14)  1.367(4) 
C(14)-C(15)  1.371(3) 
 
C(11)-N(1)-C(15) 116.9(2) 
C(1)-O(2)-C(8) 112.27(16) 
O(1)-C(1)-O(2) 120.5(2) 
O(1)-C(1)-C(2) 129.3(2) 
O(2)-C(1)-C(2) 110.22(18) 
C(1)-C(2)-C(3) 113.21(19) 
C(1)-C(2)-C(7) 104.11(17) 
C(3)-C(2)-C(7) 117.05(18) 
C(4)-C(3)-C(2) 111.47(18) 
C(5)-C(4)-C(3) 109.6(2) 
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C(4)-C(5)-C(6) 112.69(19) 
C(10)-C(6)-C(5) 114.91(19) 
C(10)-C(6)-C(7) 104.95(17) 
C(5)-C(6)-C(7) 114.76(19) 
C(2)-C(7)-C(8) 104.26(16) 
C(2)-C(7)-C(6) 115.42(17) 
C(8)-C(7)-C(6) 104.88(17) 
O(2)-C(8)-C(11) 108.98(16) 
O(2)-C(8)-C(9) 106.64(17) 
C(11)-C(8)-C(9) 112.56(17) 
O(2)-C(8)-C(7) 105.00(15) 
C(11)-C(8)-C(7) 116.92(17) 
C(9)-C(8)-C(7) 106.05(17) 
C(10)-C(9)-C(8) 103.45(17) 
C(9)-C(10)-C(6) 102.83(18) 
N(1)-C(11)-C(12) 122.2(2) 
N(1)-C(11)-C(8) 115.30(18) 
C(12)-C(11)-C(8) 122.34(19) 
C(11)-C(12)-C(13) 119.6(2) 
C(14)-C(13)-C(12) 119.1(2) 
C(13)-C(14)-C(15) 117.7(2) 
N(1)-C(15)-C(14) 124.5(2) 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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Table 4.   Anisotropic displacement parameters (Å2x 103)for C15H17NO2.  The anisotropic 
displacement factor exponent takes the form: -22[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
________________________________________________________________________
______ 
 U11 U22 U33 U23 U13 U12 
________________________________________________________________________
______ 
N(1) 45(1)  36(1) 32(1)  -10(1) 14(1)  -13(1) 
O(1) 38(1)  41(1) 37(1)  -10(1) -2(1)  -5(1) 
O(2) 31(1)  21(1) 25(1)  -2(1) 3(1)  -6(1) 
C(1) 23(1)  30(1) 26(1)  -5(1) 4(1)  4(1) 
C(2) 28(1)  26(1) 25(1)  1(1) 6(1)  8(1) 
C(3) 44(1)  37(1) 24(1)  4(1) 8(1)  10(1) 
C(4) 44(1)  36(1) 25(1)  1(1) 15(1)  6(1) 
C(5) 39(1)  34(1) 39(1)  -1(1) 19(1)  -4(1) 
C(6) 28(1)  30(1) 29(1)  -5(1) 7(1)  -7(1) 
C(7) 28(1)  18(1) 26(1)  -1(1) 8(1)  -1(1) 
C(8) 25(1)  21(1) 23(1)  -2(1) 2(1)  -6(1) 
C(9) 32(1)  31(1) 26(1)  1(1) 0(1)  2(1) 
C(10) 24(1)  40(1) 34(1)  -3(1) 3(1)  5(1) 
C(11) 28(1)  24(1) 22(1)  2(1) 2(1)  1(1) 
C(12) 39(1)  39(1) 34(1)  -9(1) 12(1)  -12(1) 
C(13) 40(1)  49(2) 36(1)  -4(1) 17(1)  -12(1) 
C(14) 41(1)  47(2) 23(1)  -4(1) 9(1)  1(1) 
C(15) 52(2)  43(2) 33(1)  -15(1) 12(1)  -13(1) 
________________________________________________________________________
______
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Table 5.  Torsion angles [°] for C15H17NO2. 
________________________________________________________________ 
C(8)-O(2)-C(1)-O(1) -174.54(19) 
C(8)-O(2)-C(1)-C(2) 6.3(2) 
O(1)-C(1)-C(2)-C(3) 35.8(3) 
O(2)-C(1)-C(2)-C(3) -145.16(18) 
O(1)-C(1)-C(2)-C(7) 164.0(2) 
O(2)-C(1)-C(2)-C(7) -17.0(2) 
C(1)-C(2)-C(3)-C(4) 75.4(2) 
C(7)-C(2)-C(3)-C(4) -45.7(3) 
C(2)-C(3)-C(4)-C(5) 59.4(3) 
C(3)-C(4)-C(5)-C(6) -60.9(3) 
C(4)-C(5)-C(6)-C(10) -75.2(3) 
C(4)-C(5)-C(6)-C(7) 46.7(3) 
C(1)-C(2)-C(7)-C(8) 20.1(2) 
C(3)-C(2)-C(7)-C(8) 145.84(19) 
C(1)-C(2)-C(7)-C(6) -94.4(2) 
C(3)-C(2)-C(7)-C(6) 31.4(3) 
C(10)-C(6)-C(7)-C(2) 95.8(2) 
C(5)-C(6)-C(7)-C(2) -31.3(3) 
C(10)-C(6)-C(7)-C(8) -18.3(2) 
C(5)-C(6)-C(7)-C(8) -145.39(19) 
C(1)-O(2)-C(8)-C(11) -119.01(18) 
C(1)-O(2)-C(8)-C(9) 119.25(18) 
C(1)-O(2)-C(8)-C(7) 7.0(2) 
C(2)-C(7)-C(8)-O(2) -16.9(2) 
C(6)-C(7)-C(8)-O(2) 104.86(18) 
C(2)-C(7)-C(8)-C(11) 104.0(2) 
C(6)-C(7)-C(8)-C(11) -134.24(18) 
C(2)-C(7)-C(8)-C(9) -129.54(17) 
C(6)-C(7)-C(8)-C(9) -7.8(2) 
O(2)-C(8)-C(9)-C(10) -80.6(2) 
C(11)-C(8)-C(9)-C(10) 159.99(18) 
C(7)-C(8)-C(9)-C(10) 31.0(2) 
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C(8)-C(9)-C(10)-C(6) -42.4(2) 
C(5)-C(6)-C(10)-C(9) 164.54(18) 
C(7)-C(6)-C(10)-C(9) 37.5(2) 
C(15)-N(1)-C(11)-C(12) 0.2(3) 
C(15)-N(1)-C(11)-C(8) 176.1(2) 
O(2)-C(8)-C(11)-N(1) 168.37(18) 
C(9)-C(8)-C(11)-N(1) -73.6(2) 
C(7)-C(8)-C(11)-N(1) 49.6(3) 
O(2)-C(8)-C(11)-C(12) -15.7(3) 
C(9)-C(8)-C(11)-C(12) 102.4(2) 
C(7)-C(8)-C(11)-C(12) -134.5(2) 
N(1)-C(11)-C(12)-C(13) 0.0(4) 
C(8)-C(11)-C(12)-C(13) -175.7(2) 
C(11)-C(12)-C(13)-C(14) 0.0(4) 
C(12)-C(13)-C(14)-C(15) 0.0(4) 
C(11)-N(1)-C(15)-C(14) -0.3(4) 
C(13)-C(14)-C(15)-N(1) 0.2(4) 
________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
  
 
Chapter 2: Ruthenium Catalyzed Tandem Metathesis/ Hetero-Pauson-Khand Sequence 
Page 75 
 
3-(2-iodoethyl)hepta-1,6-diene (2.57) 
 
 
 The general iodination procedure was followed with alcohol 2.5653 (322.6 mg, 2.3 
mmol), iodine (878 mg, 3.5 mmol), triphenyl phosphine (724 mg, 2.8 mmol), acetonitrile (2.8 
mL), and Et2O (4.6 mL).  The crude reaction mixture was purified by silica gel 
chromatography (2 cm x 10 cm, hexanes) to provide iodide 2.57 (428 mg, 76% yield) as a 
clear colorless oil. 
 
1H NMR (CDCl3, 400 MHz) δ 5.78 (1H, ddt, J = 16.9, 10.1, 6.6 Hz), 5.44 (1H, dt, J = 18.1, 
9.1 Hz), 5.12-4.92 (4H, m), 3.24 (1H, ddd, J = 9.5, 8.1, 4.9 Hz), 3.06 ( 1H, dt, J = 9.5, 8.1 
Hz), 2.20-1.87 (4H, m), 1.73 (1H, dddd, J = 14.3, 9.7, 7.7, 4.9), 1.51-1.32 (2H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 140.8, 138.5, 116.5, 114.8, 44.5, 38.6, 33.9, 31.4, 5.1. 
 
FTIR (NaCl, thin film)3075 (w), 2976 (s), 2936 (w), 2894 (w), 2858 (w), 1640 (s), 1418 (w), 
914 (s), 754 (s) cm-1. 
 
HRMS (DART, [M+H]+): Found 251.0304, calcd for C9H16I 251.0297 
 
                                                 
(53) Lee, E.; Yoon, C. H.; Lee, T. H.; Kim, S. Y.; Ha, T. J.; Sung, Y. S.; Park, S. H.; Lee, S. J. 
Am. Chem. Soc. 1998, 120, 7469-7478. 
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1-(pyridin-2-yl)-4-vinyloct-7-en-1-one (2.58) 
O
N
I
N
O
N
Me
OMe
t-BuLi, -78 °C
38%
2.57 2.582.52
 
 
 To a solution of the iodine 2.57 (331 mg, 1.3 mmol) stirring in Et2O (4.7 mL) at -78 
°C was added t-BuLi (1.6 mL, 2.7 mmol, 1.6 M in pentane).  After 1 h a solution of N-
methoxy-N-methyl-2-pyridinecarboxamide52 (300 mg, 1.8 mmol) in Et2O (1.5 mL) was 
added to the reaction mixture by syringe.  The reaction was allowed to stir at -78 °C for 10 
min and then allowed to warm to room temperature. When the Weinreb amide had vanished 
by TLC (100% Et2O) (~2 h), the reaction was quenched with NH4Cl (sat) (5 mL) and 
extracted with Et2O (3 x 25 mL) and brine (3 x 25 mL).  The organic layer was removed 
dried over MgSO4 and concentrated.  The crude product was purified by silica gel 
chromatography (2 cm x 10 cm, 20% Et2O in hexanes to 50% Et2O in hexanes) to provide 
pyridyl ketone 2.58 (103.9 mg 38%) as a clear colorless oil. 
 
1H NMR (CDCl3, 400 MHz) δ 8.69-8.65 (1H,m), 8.04 – 8.00 (1H, m), 7.82 (1H, td, J = 7.9, 
1.6 Hz), 7.45 (1H, ddd, J = 7.5, 4.8, 1.3 Hz), 5.80 (1H, ddt, J =16.9, 10.0, 6.6 Hz), 5.55 (1H, 
ddd, J = 16.8, 10.3, 9.0 Hz), 5.05-4.90 (4H, m), 3.20 (2H, t, J = 7.7 Hz), 2.15-1.95 (3H, m), 
1.85 (1H, dtd, J = 13.4, 7.5, 4.2 Hz), 1.67 (1H, ddt, J = 16.7, 9.3, 7.5 Hz), 1.58-1.49 (1H, m), 
1.40 (1H, dtd, J = 18.7, 9.3, 5.5 Hz). 
 
13C NMR (CDCl3, 100 MHz) δ 202.1, 153.7, 149.0, 142.3, 138.9, 136.9, 127.0, 121.8, 115.5, 
114.4, 43.5, 35.7, 34.4, 31.5, 29.0. 
 
FTIR (NaCl, thin film) 3074 (w), 2975 (w), 2942 (w), 2893 (w), 2861 (w), 1697 (s), 1640 (w), 
1584 (w), 996 (m), 914 (m) cm-1. 
 
HRMS (DART, [M+H]+): Found 230.1547, calcd for C15H20NO 230.1545. 
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(2aS*,2a1S*,4aR*,6aR*)-2a-(pyridin-2-yl)octahydro-1H-pentaleno[1,6-bc]furan-1-one (2.60) 
O
N O N
O
O
N10 mol % 2.42
100 °C, 1 h
30 min Cooldown
CO T= 3 min
20 mol % NaOMe
CO T=3 min
7 atm, CO
180 °C, 36 h
76% yield2.58 2.59 2.60  
 
 The general tandem RCM/HPK procedure was followed with diene 2.58 (30.2 mg, 
0.15 mmol).  The crude reaction mixture was purified by silica gel chromatography (1 cm x 5 
cm, 50% Et2O in hexanes with 1% AcOH) to provide lactone 2.60 (23.0 mg, 76%) as a gray 
solid. 
 
1H NMR (CDCl3, 400 MHz) δ 1H NMR (CDCl3, 400 MHz) δ 8.58 (1H, ddd, J = 4.8, 1.5, 
0.9 Hz), 7.68 (1H, td, J = 7.7, 1.8 Hz), 7.53 (1H, dt, J = 7.9, 0.9 Hz), 7.20 (1H, ddd, J = 7.7, 
4.9, 0.9 Hz), 3.51 (1H, t, J = 9.5 Hz), 3.08 (1H, td, J = 9.3, 4.0 Hz), 2.94 (1H, pd, J = 8.4, 4.9 
Hz), 2.42 (1H, dd, J = 11.0, 7.5 Hz), 2.39 (1H, dd, J = 11.0, 7.3 Hz), 2.34-2.20 (2H, m), 2.2-
2.08 (2H, m), 1.94 (1H, td, J = 13.4, 7.3 Hz), 1.67-1.56 (1H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 180.8, 161.8, 149.4, 136.8, 122.5, 119.4, 96.5, 57.7, 47.3, 45.7, 
41.8, 32.2, 32.0, 31.2. 
 
FTIR (NaCl, thin film) 3076 (w), 3051 (w), 3016 (w), 1765 (s), 1587 (w), 1468 (w), 1434 (w), 
1163 (w), 1126 (w), 1001 (w), 751 (w), 696 (w) cm-1. 
 
HRMS (DART, [M+H]+): Found 230.1183, calcd for C14H16NO2 230.1181. 
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methyl 3-vinylnon-8-enoate (2.62) 
 
 
 To a solution of CuI (4.6 g, 24.6 mmol) in THF (144 mL) stirring at -78 °C was 
added vinyl magnesium chloride (10 mL, 12.1 mmol, 1.21 M in THF).  After 45 min, TMSCl 
(9.5 mL, 75 mmol) was added in one portion.  Then a solution of ester 2.6154 (700 mg, 4.2 
mmol) and THF (35 mL) was added over 30 min.  The reaction was stirred at -78 °C until 
ester 2.61 was gone by TLC (5% Et2O in hexanes).  When the reaction was complete it was 
quenched with 1:1 solution of sat NH4OH (aq): sat NH4Cl (aq) (25 mL) and extracted with 
the same 1:1 solution of sat NH4OH (aq): sat NH4Cl (aq) with Et2O (3 x 75 mL) until the 
aqueous layer was no longer blue.  The organic layer was concentrated and purified by silica 
gel chromatography (4 cm x 10 cm, 5% Et2O in hexanes) to provide diene 2.62 (718 mg, 
88% yield) as a clear colorless oil. 
 
1H NMR (CDCl3, 400 MHz) δ 5.80 (1H, ddt, J = 17.0, 10.3, 6.8 Hz), 5.70 (1H, ddd, J = 
17.2, 10.3, 8.4 Hz), 5.05-4.9 (4H, m), 3.65 (3H, s), 2.56-2.45 (1H, m), 2.32 (2H, qd, J = 14.7, 
6.0 Hz), 2.80-2.00 (2H, m), 1.44-1.24 (6H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 173.0, 141.1, 139,0, 115.1, 114.4, 51.5, 40.5, 40.1, 34.4, 33.8, 
28.9, 26.6. 
 
FTIR (NaCl, thin film) 3076 (w), 2978 (w), 2949 (m), 2859 (m), 1741 (s), 1641 (w), 1436 (w), 
1252 (m), 1164 (m), 994 (m), 914 (m) cm-1. 
 
HRMS (DART, [M+H]+): Found 197.1538, calcd for C12H21O2 197.1542. 
 
 
                                                 
(54) Nicolaou, K. C.; Leung, G. Y. C.; Dethe, D. H.; Guduru, R.; Sun, Y. P.; Lim, C. S.; 
Chen, D. Y. K. J. Am. Chem. Soc. 2008, 130, 10019-10023. 
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3-vinylnon-8-en-1-ol (2.63) 
 
 
 To a stirring solution of ester 2.62 (500 mg, 2.6 mmol) in Et2O (3.2 mL) at -78 °C 
was added LAH (5.1 mL, 5.1 mmol, 1 M in Et2O).  The reaction was allowed to warm to 
room temperature over ~12 h at which time the reaction was quenched according to the 
procedure of Micovic by sequential addition of 0.2 mL H2O, 0.2 mL 15% NaOH, and 0.6 
mL H2O.55 The white solid was filtered and concentrated under vacuum to provide ester 
2.63 (381.6 mg, 89%) as a clear colorless oil.  The crude material was used without further 
purification.  To provide analytically pure material the crude material was purified by silica 
gel chromatography (20% Et2O in hexanes). 
 
1H NMR (CDCl3, 400 MHz) δ 5.80 (1H, ddt, J = 16.8, 10.3, 6.6 Hz), 5.56 (1H, dt, J = 18.0, 
9.3 Hz), 5.04-4.90 (4H, m), 3.72-3.58 (2H, m), 2.16-1.98 (3H, m), 1.67 (1H, dtd, J = 14.1, 7.3, 
4.4 Hz), 1.54-1.21 (8H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 142.9, 139.1, 114.9, 114.3, 61.3, 41.2, 38.0, 35.2, 33.9, 29.1, 
26.7. 
 
FTIR (NaCl, thin film) 3353 (br), 3076 (w), 2977 (w), 2948 (w), 2862 (m), 1640 (m), 1428 
(m), 1052 (m), 995 (m), 912 (m) cm-1. 
 
HRMS (DART, [M+H]+): Found 169.1599, calcd for C11H21O 169.1592. 
 
                                                 
(55) Micovic, V. M.; Mihailovic, M. L. J. Org. Chem. 1953, 18, 1190-1200. 
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3-(2-iodoethyl)nona-1,8-diene (2.64) 
 
 
 The general iodination procedure was followed with alcohol 2.63 (545.1 mg, 3.2 
mmol), iodine (2.0 g, 8.3 mmol), triphenyl phosphine (1.0 g, 3.9 mmol), acetonitrile (4.0 mL), 
and Et2O (6.5 mL).  The crude reaction mixture was purified by silica gel chromatography (2 
cm x 10 cm, hexanes) to provide iodide 2.64 (674 mg, 75% yield) as a clear colorless oil. 
 
1H NMR (CDCl3, 400 MHz) δ 5.80 (1H, ddt, J = 16.9, 10.3, 6.6 Hz), 5.48-5.38 (1H, m), 
5.09-4.91 (4H, m), 3.24 (1H, ddd, J = 9.5, 8.1, 5.0 Hz), 3.06 (1H, dt, J = 9.5, 7.9 Hz), 2.14-
2.06 (1H, m), 2.04 (2H, q, J = 7.1 Hz), 1.92 (1H, dtd, J = 14.1, 8.2, 4.4 Hz), 1.72 (1H, dddd, J 
= 14.3, 9.5, 7.7, 4.9 Hz), 1.40-1.24 (6H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 141.2, 139.0, 116.0, 114.4, 45.0, 38.7, 34.6, 33.8, 29.1, 26.6, 
5.3. 
 
FTIR (NaCl, thin film) 3075 (m), 2976 (m), 2858 (m), 1640 (m), 1418 (m), 1234 (m), 995 
(m), 914 (s) cm-1. 
 
HRMS (DART, [M+H]+): Found 279.0607, calcd for C11H19I 279.0610. 
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1-(pyridin-2-yl)-4-vinyldec-9-en-1-one (2.65) 
 
 
  
 To a stirring solution of t-BuLi (0.9 mL, 1.0 mmol, 1.18 M in pentane) in Et2O (1.0 
mL) at -78 °C was added iodine 2.64 (150 mg, 0.5 mmol).  After 30 min a solution of N-
methoxy-N-methyl-2-pyridinecarboxamide52 (90 mg, 0.53 mmol) in Et2O (0.5 mL) was 
added to the reaction mixture by syringe.  The reaction was allowed to stir at -78 °C for 10 
min and then allowed to warm to room temperature. When the pyridyl ketone had vanished 
by TLC (100% Et2O) (~2 h), the reaction was quenched with NH4Cl (sat) (3 mL) and 
extracted with Et2O (3 x 50 mL) and brine (3 x 50 mL).  The organic layer was dried over 
MgSO4 and concentrated.  The crude product was purified by silica gel chromatography (2 
cm x 10 cm, hexanes to 10% Et2O in hexanes) to provide pyridyl ketone 2.65 (75.9 mg, 55% 
yield) as a clear colorless oil. 
 
1H NMR (CDCl3, 400 MHz) δ 8.76 (1H, ddd, J = 5.2, 1.8, 0.9 Hz), 8.04 (1H, dt, J = 7.9, 1.1 
Hz), 7.82 (1H, td, J=7.7, 1.6 Hz), 7.45 (1H, ddd, J = 7.5, 4.8, 1.3 Hz), 5.80 (1H, ddt, J = 17.0, 
10.3, 6.8 Hz), 5.54 (1H, ddd, J = 16.3, 10.8, 8.8 Hz), 5.02-4.90 (4H, m), 3.20 (2H, t, J = 7.7 
Hz), 2.10-1.98 (3H, m), 1.89-1.79 (1H, m), 1.7-1.58 (1H, m), 1.48-1.22 (6H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 202.2, 153.6, 149.0, 142.7, 139.1, 136.8, 127.0, 121.8, 115.1, 
114.3, 43.9, 35.7, 35.0, 33.9, 29.2, 29.1, 26.8. 
 
FTIR (NaCl, thin film) 3073 (m), 2975 (m), 2945 (m), 2859 (m), 1698 (s), 1640 (w), 1585 
(w), 995 (m), 913 (m) cm-1. 
 
HRMS (DART, [M+H]+): Found 258.1848, calcd for C17H24NO 258.1858. 
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(±)-(2aS*,2a1S*,4aS*,8aR*)-2a-(pyridin-2-yl)decahydro-1H-azuleno[1,8-bc]furan-1-one (2.67) 
 
 
 The general tandem RCM/HPK procedure was followed with diene 2.65 (39.7 mg, 
0.15 mmol).  The crude reaction mixture was purified by silica gel chromatography (1 cm x 5 
cm, 50% Et2O in hexanes with 1% AcOH) to provide lactone 2.67 (28.1 mg, 71% yield) as a 
gray solid. 
 
1H NMR (CDCl3, 400 MHz) δ 8.60 (1H, ddd, J = 4.8, 1.7, 0.9 Hz), 7.66 (1H, td, J = 7.9, 1.8 
Hz), 7.44 (1H, d, J = 8.1 Hz), 7.19 (1H, ddd, J = 7.5, 4.9, 1.1 Hz), 2.90-2.74 (2H, m), 2.41 
(1H, dd, J = 13.9, 8.4 Hz), 2.28-2.16 (2H, m), 2.08-1.92(3H, m), 1.92-1.78 (1H, m), 1.72 (1H, 
dd, J = 12.1, 8.6 Hz), 1.62-1.51 (1H, m), 1.36-1.16 ( 4H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 179.4, 162.7, 149.6, 136.6, 122.4, 118.8, 95.8, 58.5, 43.6, 42.2, 
40.0, 34.6, 34.5, 31.2, 28.1, 26.0. 
 
FTIR (NaCl, thin film) 2949 (m), 2897 (m), 2860 (m), 1776 (s), 1588 (w), 1468 (w), 1435 (w), 
1315 (w), 1209 (m), 1185 (m), 1152 (m), 1065 (m), 993 (m), 782 (m) cm-1. 
 
HRMS (DART, [M+H]+): Found 258.1497, calcd for C16H20NO2 258.1494. 
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  Table 1.  Crystal data and structure refinement for C16H19NO2. 
Identification code  C16H19NO2 
Empirical formula  C16 H19 N O2 
Formula weight  257.32 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 1 21/n 1 
Unit cell dimensions a = 5.2082(5) Å = 90°. 
 b = 24.327(2) Å = 103.476(2)°. 
 c = 10.8755(10) Å  = 90°. 
Volume 1340.0(2) Å3 
Z 4 
Density (calculated) 1.276 Mg/m3 
Absorption coefficient 0.084 mm-1 
F(000) 552 
Crystal size 0.14 x 0.12 x 0.10 mm3 
Theta range for data collection 2.55 to 28.28°. 
Index ranges -6<=h<=6, -31<=k<=32, 0<=l<=14 
Reflections collected 6327 
Independent reflections 3281 [R(int) = 0.0164] 
Completeness to theta = 28.28° 98.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9917 and 0.9884 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3281 / 19 / 229 
Goodness-of-fit on F2 1.082 
Final R indices [I>2sigma(I)] R1 = 0.0444, wR2 = 0.1113 
R indices (all data) R1 = 0.0481, wR2 = 0.1138 
Extinction coefficient na 
Largest diff. peak and hole 0.533 and -0.139 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 
(Å2x 103) 
for C16H19NO2.  U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor. 
________________________________________________________________________
________  
 x y z U(eq) 
________________________________________________________________________
________   
O(1) 10612(2) 999(1) 6851(1) 18(1) 
O(2) 11711(2) 256(1) 8064(1) 23(1) 
N(1) 4346(2) 1508(1) 4978(1) 20(1) 
C(1) 10237(2) 639(1) 7750(1) 17(1) 
C(2) 7858(2) 805(1) 8251(1) 16(1) 
C(3) 8343(2) 725(1) 9686(1) 21(1) 
C(4) 6513(2) 1065(1) 10314(1) 21(1) 
C(5) 7451(3) 1654(1) 10658(1) 24(1) 
C(6) 7263(2) 2053(1) 9551(1) 22(1) 
C(7) 8673(2) 1861(1) 8545(1) 18(1) 
C(8) 7262(2) 1384(1) 7729(1) 14(1) 
C(9) 8414(2) 1390(1) 6540(1) 16(1) 
C(10) 8813(2) 2298(1) 7544(1) 22(1) 
C(11) 6491(2) 1190(1) 5353(1) 17(1) 
C(12) 2520(2) 1347(1) 3961(1) 24(1) 
C(13) 2743(3) 875(1) 3272(1) 27(1) 
C(14) 4996(3) 559(1) 3647(1) 28(1) 
C(15) 6906(2) 714(1) 4712(1) 23(1) 
C(16) 9472(2) 1978(1) 6439(1) 19(1) 
________________________________________________________________________
________ 
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 Table 3.   Bond lengths [Å] and angles [°] for  C16H19NO2. 
_____________________________________________________  
O(1)-C(1)  1.3608(13) 
O(1)-C(9)  1.4645(12) 
O(2)-C(1)  1.2040(14) 
N(1)-C(12)  1.3377(16) 
N(1)-C(11)  1.3420(15) 
C(1)-C(2)  1.5198(14) 
C(2)-C(8)  1.5250(15) 
C(2)-C(3)  1.5339(15) 
C(2)-H(2)  0.981(12) 
C(3)-C(4)  1.5363(16) 
C(3)-H(3A)  0.968(13) 
C(3)-H(3B)  0.994(13) 
C(4)-C(5)  1.5317(17) 
C(4)-H(4A)  0.988(13) 
C(4)-H(4B)  0.989(13) 
C(5)-C(6)  1.5314(17) 
C(5)-H(5A)  0.980(13) 
C(5)-H(5B)  1.000(13) 
C(6)-C(7)  1.5260(15) 
C(6)-H(6A)  0.990(13) 
C(6)-H(6B)  1.000(13) 
C(7)-C(10)  1.5363(15) 
C(7)-C(8)  1.5379(15) 
C(7)-H(7)  1.005(12) 
C(8)-C(9)  1.5479(14) 
C(8)-H(8)  1.001(12) 
C(9)-C(11)  1.5182(15) 
C(9)-C(16)  1.5463(15) 
C(10)-C(16)  1.5369(16) 
C(10)-H(10A)  0.985(13) 
C(10)-H(10B)  0.994(13) 
C(11)-C(15)  1.3935(16) 
Chapter 2: Ruthenium Catalyzed Tandem Metathesis/ Hetero-Pauson-Khand Sequence 
Page 111 
 
C(12)-C(13)  1.3907(18) 
C(12)-H(12)  0.970(13) 
C(13)-C(14)  1.384(2) 
C(13)-H(13)  0.956(13) 
C(14)-C(15)  1.3914(18) 
C(14)-H(14)  0.958(13) 
C(15)-H(15)  0.953(13) 
C(16)-H(16A)  0.986(12) 
C(16)-H(16B)  0.982(12) 
 
C(1)-O(1)-C(9) 110.42(8) 
C(12)-N(1)-C(11) 117.63(10) 
O(2)-C(1)-O(1) 120.88(10) 
O(2)-C(1)-C(2) 128.51(10) 
O(1)-C(1)-C(2) 110.60(9) 
C(1)-C(2)-C(8) 102.96(8) 
C(1)-C(2)-C(3) 112.12(9) 
C(8)-C(2)-C(3) 117.78(9) 
C(1)-C(2)-H(2) 104.9(9) 
C(8)-C(2)-H(2) 109.3(9) 
C(3)-C(2)-H(2) 108.9(9) 
C(2)-C(3)-C(4) 114.35(9) 
C(2)-C(3)-H(3A) 107.9(9) 
C(4)-C(3)-H(3A) 108.8(9) 
C(2)-C(3)-H(3B) 110.0(9) 
C(4)-C(3)-H(3B) 109.3(9) 
H(3A)-C(3)-H(3B) 106.2(13) 
C(5)-C(4)-C(3) 114.55(10) 
C(5)-C(4)-H(4A) 109.3(9) 
C(3)-C(4)-H(4A) 109.2(9) 
C(5)-C(4)-H(4B) 109.4(9) 
C(3)-C(4)-H(4B) 107.1(9) 
H(4A)-C(4)-H(4B) 107.1(13) 
C(6)-C(5)-C(4) 116.28(10) 
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C(6)-C(5)-H(5A) 108.5(10) 
C(4)-C(5)-H(5A) 108.8(10) 
C(6)-C(5)-H(5B) 107.5(10) 
C(4)-C(5)-H(5B) 109.5(10) 
H(5A)-C(5)-H(5B) 105.7(13) 
C(7)-C(6)-C(5) 114.61(10) 
C(7)-C(6)-H(6A) 107.0(9) 
C(5)-C(6)-H(6A) 109.8(9) 
C(7)-C(6)-H(6B) 108.7(9) 
C(5)-C(6)-H(6B) 108.6(9) 
H(6A)-C(6)-H(6B) 107.8(13) 
C(6)-C(7)-C(10) 113.98(9) 
C(6)-C(7)-C(8) 113.52(9) 
C(10)-C(7)-C(8) 102.06(9) 
C(6)-C(7)-H(7) 109.9(8) 
C(10)-C(7)-H(7) 108.6(9) 
C(8)-C(7)-H(7) 108.4(9) 
C(2)-C(8)-C(7) 116.99(9) 
C(2)-C(8)-C(9) 103.51(8) 
C(7)-C(8)-C(9) 104.45(8) 
C(2)-C(8)-H(8) 113.4(8) 
C(7)-C(8)-H(8) 108.3(8) 
C(9)-C(8)-H(8) 109.6(8) 
O(1)-C(9)-C(11) 108.29(8) 
O(1)-C(9)-C(16) 110.14(8) 
C(11)-C(9)-C(16) 114.33(9) 
O(1)-C(9)-C(8) 103.64(8) 
C(11)-C(9)-C(8) 113.61(8) 
C(16)-C(9)-C(8) 106.30(8) 
C(7)-C(10)-C(16) 104.98(9) 
C(7)-C(10)-H(10A) 112.1(9) 
C(16)-C(10)-H(10A) 114.5(9) 
C(7)-C(10)-H(10B) 109.0(9) 
C(16)-C(10)-H(10B) 109.3(9) 
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H(10A)-C(10)-H(10B) 106.9(13) 
N(1)-C(11)-C(15) 122.86(10) 
N(1)-C(11)-C(9) 114.26(9) 
C(15)-C(11)-C(9) 122.88(10) 
N(1)-C(12)-C(13) 123.61(12) 
N(1)-C(12)-H(12) 116.5(10) 
C(13)-C(12)-H(12) 119.9(10) 
C(14)-C(13)-C(12) 118.23(11) 
C(14)-C(13)-H(13) 120.5(10) 
C(12)-C(13)-H(13) 121.3(10) 
C(13)-C(14)-C(15) 119.12(11) 
C(13)-C(14)-H(14) 121.5(10) 
C(15)-C(14)-H(14) 119.4(10) 
C(14)-C(15)-C(11) 118.52(11) 
C(14)-C(15)-H(15) 121.5(10) 
C(11)-C(15)-H(15) 120.0(10) 
C(10)-C(16)-C(9) 105.42(9) 
C(10)-C(16)-H(16A) 111.3(9) 
C(9)-C(16)-H(16A) 111.3(9) 
C(10)-C(16)-H(16B) 112.4(9) 
C(9)-C(16)-H(16B) 107.2(9) 
H(16A)-C(16)-H(16B) 109.2(12) 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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 Table 4.   Anisotropic displacement parameters  (Å2x 103) for C16H19NO2.  The 
anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
________________________________________________________________________
______  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________
______  
O(1) 16(1)  18(1) 21(1)  2(1) 9(1)  3(1) 
O(2) 24(1)  20(1) 28(1)  3(1) 10(1)  6(1) 
N(1) 22(1)  22(1) 17(1)  1(1) 5(1)  2(1) 
C(1) 17(1)  17(1) 17(1)  -2(1) 5(1)  -1(1) 
C(2) 16(1)  14(1) 19(1)  0(1) 7(1)  0(1) 
C(3) 26(1)  20(1) 20(1)  5(1) 10(1)  4(1) 
C(4) 24(1)  22(1) 21(1)  2(1) 11(1)  2(1) 
C(5) 32(1)  25(1) 18(1)  -2(1) 9(1)  0(1) 
C(6) 29(1)  19(1) 20(1)  -4(1) 9(1)  1(1) 
C(7) 20(1)  16(1) 18(1)  -1(1) 6(1)  -1(1) 
C(8) 14(1)  15(1) 15(1)  0(1) 4(1)  0(1) 
C(9) 15(1)  15(1) 18(1)  1(1) 6(1)  2(1) 
C(10) 29(1)  15(1) 23(1)  0(1) 10(1)  -1(1) 
C(11) 19(1)  18(1) 16(1)  1(1) 8(1)  -2(1) 
C(12) 24(1)  28(1) 18(1)  3(1) 3(1)  1(1) 
C(13) 31(1)  31(1) 17(1)  -2(1) 2(1)  -7(1) 
C(14) 37(1)  24(1) 24(1)  -8(1) 9(1)  -4(1) 
C(15) 26(1)  21(1) 24(1)  -3(1) 8(1)  1(1) 
C(16) 20(1)  17(1) 21(1)  1(1) 8(1)  -1(1) 
________________________________________________________________________
______ 
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 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for C16H19NO2. 
________________________________________________________________________
________  
 x  y  z  U(eq) 
________________________________________________________________________
________  
  
H(2) 6440(30) 556(6) 7831(13) 19 
H(3A) 8100(30) 339(5) 9846(15) 25 
H(3B) 10210(30) 812(6) 10096(14) 25 
H(4A) 4730(30) 1074(6) 9749(14) 26 
H(4B) 6370(30) 866(6) 11088(13) 26 
H(5A) 6440(30) 1806(7) 11234(14) 29 
H(5B) 9330(30) 1648(7) 11146(14) 29 
H(6A) 5390(30) 2112(7) 9121(14) 26 
H(6B) 8020(30) 2415(6) 9891(14) 26 
H(7) 10520(20) 1740(6) 8956(13) 21 
H(8) 5330(20) 1470(6) 7482(13) 17 
H(10A) 10070(30) 2594(6) 7885(15) 26 
H(10B) 7050(30) 2473(6) 7257(15) 26 
H(12) 980(30) 1581(6) 3709(15) 29 
H(13) 1380(30) 771(7) 2558(14) 33 
H(14) 5280(30) 238(6) 3184(15) 34 
H(15) 8470(30) 502(6) 5008(15) 28 
H(16A) 8640(30) 2148(6) 5620(12) 23 
H(16B) 11380(20) 1948(6) 6513(14) 23 
________________________________________________________________________
________ 
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 Table 6.  Torsion angles [°] for C16H19NO2. 
________________________________________________________________  
C(9)-O(1)-C(1)-O(2) 173.84(10) 
C(9)-O(1)-C(1)-C(2) -7.21(11) 
O(2)-C(1)-C(2)-C(8) 166.62(11) 
O(1)-C(1)-C(2)-C(8) -12.24(11) 
O(2)-C(1)-C(2)-C(3) 39.04(16) 
O(1)-C(1)-C(2)-C(3) -139.81(9) 
C(1)-C(2)-C(3)-C(4) 159.20(10) 
C(8)-C(2)-C(3)-C(4) 40.00(14) 
C(2)-C(3)-C(4)-C(5) -84.93(13) 
C(3)-C(4)-C(5)-C(6) 71.41(14) 
C(4)-C(5)-C(6)-C(7) -55.12(15) 
C(5)-C(6)-C(7)-C(10) -171.61(10) 
C(5)-C(6)-C(7)-C(8) 72.10(13) 
C(1)-C(2)-C(8)-C(7) -89.01(10) 
C(3)-C(2)-C(8)-C(7) 34.91(13) 
C(1)-C(2)-C(8)-C(9) 25.22(10) 
C(3)-C(2)-C(8)-C(9) 149.14(9) 
C(6)-C(7)-C(8)-C(2) -84.75(12) 
C(10)-C(7)-C(8)-C(2) 152.15(9) 
C(6)-C(7)-C(8)-C(9) 161.55(9) 
C(10)-C(7)-C(8)-C(9) 38.45(10) 
C(1)-O(1)-C(9)-C(11) -97.64(10) 
C(1)-O(1)-C(9)-C(16) 136.68(9) 
C(1)-O(1)-C(9)-C(8) 23.31(10) 
C(2)-C(8)-C(9)-O(1) -29.67(10) 
C(7)-C(8)-C(9)-O(1) 93.28(9) 
C(2)-C(8)-C(9)-C(11) 87.63(10) 
C(7)-C(8)-C(9)-C(11) -149.43(9) 
C(2)-C(8)-C(9)-C(16) -145.77(9) 
C(7)-C(8)-C(9)-C(16) -22.82(10) 
C(6)-C(7)-C(10)-C(16) -162.81(10) 
C(8)-C(7)-C(10)-C(16) -40.02(11) 
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C(12)-N(1)-C(11)-C(15) 1.69(16) 
C(12)-N(1)-C(11)-C(9) -177.86(10) 
O(1)-C(9)-C(11)-N(1) 178.77(9) 
C(16)-C(9)-C(11)-N(1) -58.04(12) 
C(8)-C(9)-C(11)-N(1) 64.22(12) 
O(1)-C(9)-C(11)-C(15) -0.78(14) 
C(16)-C(9)-C(11)-C(15) 122.41(11) 
C(8)-C(9)-C(11)-C(15) -115.33(11) 
C(11)-N(1)-C(12)-C(13) -0.72(18) 
N(1)-C(12)-C(13)-C(14) -1.0(2) 
C(12)-C(13)-C(14)-C(15) 1.82(19) 
C(13)-C(14)-C(15)-C(11) -0.93(19) 
N(1)-C(11)-C(15)-C(14) -0.88(18) 
C(9)-C(11)-C(15)-C(14) 178.64(11) 
C(7)-C(10)-C(16)-C(9) 26.03(11) 
O(1)-C(9)-C(16)-C(10) -113.54(9) 
C(11)-C(9)-C(16)-C(10) 124.28(10) 
C(8)-C(9)-C(16)-C(10) -1.89(11) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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N-methoxy-N-methyl-2-(octa-1,7-dien-3-yl)benzamide (2.70) 
 
 
 
 To a stirring solution of iodide 2.6856 (500 mg, 1.7 mmol) and THF (17 mL) at -78 
°C was added isopropyl magnesium chloride (1.4 mL, 2.6 mmol, 1.9 M in Et2O).  The 
reaction was allowed to stir for 1 h at which time a solution of CuCN (310 mg, 3.4 mmol), 
LiCl (290 mg, 6.9 mmol), and THF (5 mL) was added by syringe.  The reaction was allowed 
to stir for 20 min at which time a solution of 8-bromoocta-1,6-diene57 (652 mg, 3.4 mmol) in 
THF (5 mL) was added to the reaction mixture and the reaction was allowed to warm to 
room temperature for ~12 h.  The reaction mixture was then filtered through celite and 
extracted with Et2O (3 x 50 mL) and brine (3 x 50 mL).  The organic layer was dried over 
MgSO4 and concentrated.  The crude product was purified by silica gel chromatography 
(2cm x 10 cm, 50% Et2O in hexanes) to provide a mixture of isomers (386.9 mg, 82%, 
SN2’:SN2 1.2:1).  The isomers were separated on 10 wt % AgNO3 impregnated silica gel 
chromatography (2 cm x 10 cm, 75% EtOAc in hexane) to provide diene 2.70 (208.5 mg, 
44% yield) as a clear colorless oil. 
 
1H NMR (CDCl3, 400 MHz) δ 7.40-7.20 (4H, m), 5.98-5.86 (1H, m), 5.82-5.70 (1H, m), 
5.05-4.90 (4H, m), 4.0-3.0 (4H, m), 2.04 (2H, q, J = 6.6 Hz), 1.71 (2H, q, J = 6.6 Hz), 1.48-
1.18 (1H, m), 1.34-1.26 (1H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 141.8, 141.6, 138.8, 135.0, 129.5, 127.1, 126.5, 125.7 (br) , 
114.5, 61.1, 46.0, 35.1, 33.8, 26.8. 
 
                                                 
(56) Grzyb, J. A.; Shen, M.; Yoshina-Ishii, C.; Chi, W.; Brown, R. S.; Batey, R. A. Tetrahedron 2005, 61, 7153-
7175. 
(57) Wender, P. A.; Mascarenas, J. L. J. Org. Chem. 1991, 56, 6267-6269. 
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FTIR (NaCl, thin film) 3074.0 (m), 2974 (m), 2893 (m), 2860 (m), 1658 (s), 1459.9 (s), 
1413.6 (m), 1380 (m), 991 (m), 914 (m), 735 (w) cm-1. 
 
HRMS (DART, M+): Found 274.1805, calcd for C17H24N1O2 274.1807. 
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(2-(octa-1,7-dien-3-yl)phenyl)(pyridin-2-yl)methanone (2.71) 
 
 
 The general procedure for addition of 2-bromopyridine to a Weinreb amide was 
followed with 2-bromo pyridine (110.6 mg, 0.7 mmol) and n-BuLi (0.2 mL, 0.42 mmol, 2.1 
M in hexanes) in Et2O (0.8 mL) followed by  Weinreb amide 2.70 (95.6 mg, 0.35 mmol) in 
Et2O (3 mL).  The crude reaction mixture was purified by silica gel chromatography (2 cm x 
10 cm, 20% Et2O in hexanes to 33% Et2O in hexanes) to provide pyridyl ketone 2.71 (64.8 
mg, 64% yield). 
 
1H NMR (CDCl3, 400 MHz) δ 8.71-8.68 (1H, m), 8.10 (1H, dt, J = 7.9, 1.1 Hz), 7.89 (1H, 
td, J = 7.7, 1.8 Hz), 7.50-7.44 (2H, m), 7.40-7.33 (2H, m), 7.30-7.24 (1H, m), 5.92 (1H, ddd, J 
= 17.4, 10.3, 7.3 Hz), 6.69 (1H, ddt, J = 17.0, 10.3, 6.8 Hz), 4.98-4.84 (4H, m), 3.50 (1H, q, J 
= 7.5 Hz), 1.94 (2H, q , J = 7.1 Hz), 1.70 (2H, dtd, J = 10.0, 6.8, 4.0 Hz), 1.38-1.14 (2H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 198.0, 155.0, 149.4, 143.9, 141.6, 138.8, 138.3, 136.9, 130.8, 
129.1, 127.5, 126.7, 125.4, 124.2, 114.6, 114.5, 45.3, 35.2, 33.7, 26.8. 
 
FTIR (NaCl, thin film) 3060 (m), 3028 (s), 2934 (m), 2860 (w), 2292 (s), 2225 (s), 1673 (s), 
1638 (s), 1580 (m), 1433 (w), 1307 (s), 1242 (w) cm-1. 
 
HRMS (DART, [M+H]+): Found292.1699, calcd for C20H22NO1 230.1181. 
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(±)-(2aR*,2a1S*,5aS*,9bR*)-9b-(pyridin-2-yl)-2a1,3,4,5,5a,9b-hexahydrofluoreno[9,1-bc]furan-
2(2aH)-one (2.73) 
 
 
 The general tandem RCM/HPK procedure was followed with diene 2.71 (44.5 mg, 
0.15 mmol).  The crude reaction mixture was purified by silica gel chromatography (1 cm x 4 
cm, 40% Et2O in hexanes) to provide lactone 2.73 (27.0 mg, 61% yield) as a gray solid. 
 
1H NMR (CDCl3, 400 MHz) δ 8.56 (1H, ddd, J = 4.8, 1.6, 1.1 Hz), 7.80-7.72 (2H, m), 7.35 
(2H, dqd, J = 14.6, 7.7, 1.1 Hz), 7.25-7.18 (2H, m), 7.06, (1H, d, J =7.7 Hz), 3.78 (1H, t, J = 
9.5 Hz), 3.68-3.60 (1H, m), 2.95 (1H, ddd, J = 10.3, 7.7, 2.2 Hz), 2.28-2.17 (1H, m), 1.95 
(1H, dddd, J = 14.0, 8.0, 6.0, 4.0 Hz), 1.90-1.71(2H, m), 1.60-1.44 (1H, m), 1.47-1.36 (1H, 
m). 
 
13C NMR (CDCl3, 100 MHz) δ 179.6, 160.8, 149.9, 147.9, 142.5, 136.8, 130.0, 127.7, 125.5, 
124.3, 122.8, 119.8, 96.9, 46.7, 41.6, 37.2, 28.2, 21.9, 18.7. 
 
FTIR (NaCl, thin film) 3060 (w), 3027 (m), 2924 (w), 1767 (s), 1587 (w), 1171 (w), 1125 (m), 
751 (s), 697 (s) cm-1. 
 
HRMS (DART, [M+H]+): Found292.1335, calcd for C19H18NO2 292.1338. 
mp 110 °C dec 
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  Table 1.  Crystal data and structure refinement for DF01t. 
Identification code  df01t 
Empirical formula  C19 H17 N O2 
Formula weight  291.34 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a = 8.5306(14) Å = 90°. 
 b = 16.650(3) Å = 107.421(3)°. 
 c = 10.7514(17) Å  = 90°. 
Volume 1457.0(4) Å3 
Z 4 
Density (calculated) 1.328 Mg/m3 
Absorption coefficient 0.086 mm-1 
F(000) 616 
Crystal size 0.10 x 0.03 x 0.02 mm3 
Theta range for data collection 2.33 to 28.33°. 
Index ranges -11<=h<=9, -22<=k<=20, -14<=l<=14 
Reflections collected 10872 
Independent reflections 3625 [R(int) = 0.0644] 
Completeness to theta = 28.33° 99.6 %  
Absorption correction Empirical 
Max. and min. transmission 0.9983 and 0.9914 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3625 / 0 / 267 
Goodness-of-fit on F2 0.956 
Final R indices [I>2sigma(I)] R1 = 0.0525, wR2 = 0.1174 
R indices (all data) R1 = 0.0700, wR2 = 0.1257 
Largest diff. peak and hole 0.377 and -0.233 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 
(Å2x 103) 
for DF01t.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________
________  
 x y z U(eq) 
________________________________________________________________________
________   
O(2) 7217(1) 1263(1) 838(1) 28(1) 
O(1) 5931(2) 2256(1) -435(1) 41(1) 
C(15) 10001(2) 1049(1) 2153(1) 24(1) 
C(4) 8250(2) 1948(1) 2920(1) 25(1) 
C(16) 7619(2) 418(1) 2730(1) 24(1) 
N(1) 8071(2) 394(1) 4029(1) 33(1) 
C(1) 6673(2) 2027(1) 640(1) 28(1) 
C(5) 7066(2) 2488(1) 1901(1) 28(1) 
C(3) 8261(2) 1145(1) 2181(1) 23(1) 
C(10) 10987(2) 1672(1) 2796(1) 27(1) 
C(14) 10630(2) 434(1) 1566(1) 30(1) 
C(17) 6694(2) -175(1) 1949(2) 30(1) 
C(7) 9434(2) 3412(1) 1959(2) 34(1) 
C(9) 10068(2) 2221(1) 3456(1) 28(1) 
C(18) 6191(2) -824(1) 2538(2) 35(1) 
C(8) 10367(2) 3118(1) 3310(2) 36(1) 
C(11) 12624(2) 1698(1) 2839(2) 38(1) 
C(6) 7612(2) 3352(1) 1758(2) 35(1) 
C(19) 6638(2) -856(1) 3872(2) 38(1) 
C(20) 7575(2) -243(1) 4575(2) 40(1) 
C(13) 12265(2) 463(1) 1615(2) 39(1) 
C(12) 13250(2) 1089(1) 2246(2) 45(1) 
________________________________________________________________________
________ 
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 Table 3.   Bond lengths [Å] and angles [°] for  DF01t. 
_____________________________________________________  
O(2)-C(1)  1.3489(17) 
O(2)-C(3)  1.4657(16) 
O(1)-C(1)  1.2016(17) 
C(15)-C(10)  1.382(2) 
C(15)-C(14)  1.3925(19) 
C(15)-C(3)  1.502(2) 
C(4)-C(5)  1.538(2) 
C(4)-C(9)  1.552(2) 
C(4)-C(3)  1.5568(18) 
C(4)-H(13)  0.994(14) 
C(16)-N(1)  1.3331(17) 
C(16)-C(17)  1.3807(19) 
C(16)-C(3)  1.5190(18) 
N(1)-C(20)  1.3402(19) 
C(1)-C(5)  1.506(2) 
C(5)-C(6)  1.535(2) 
C(5)-H(1)  0.996(16) 
C(10)-C(11)  1.385(2) 
C(10)-C(9)  1.512(2) 
C(14)-C(13)  1.381(2) 
C(14)-H(12)  0.997(17) 
C(17)-C(18)  1.383(2) 
C(17)-H(17)  0.961(15) 
C(7)-C(6)  1.507(2) 
C(7)-C(8)  1.514(2) 
C(7)-H(4)  0.999(15) 
C(7)-H(5)  0.948(17) 
C(9)-C(8)  1.531(2) 
C(9)-H(8)  1.001(15) 
C(18)-C(19)  1.371(2) 
C(18)-H(16)  0.973(18) 
C(8)-H(6)  0.993(19) 
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C(8)-H(7)  0.989(17) 
C(11)-C(12)  1.386(2) 
C(11)-H(9)  0.953(18) 
C(6)-H(2)  0.999(19) 
C(6)-H(3)  0.951(17) 
C(19)-C(20)  1.374(2) 
C(19)-H(15)  0.980(19) 
C(20)-H(14)  1.001(18) 
C(13)-C(12)  1.382(3) 
C(13)-H(11)  0.995(19) 
C(12)-H(10)  0.922(19) 
 
C(1)-O(2)-C(3) 111.15(10) 
C(10)-C(15)-C(14) 121.25(14) 
C(10)-C(15)-C(3) 111.57(11) 
C(14)-C(15)-C(3) 127.17(13) 
C(5)-C(4)-C(9) 117.66(11) 
C(5)-C(4)-C(3) 103.95(11) 
C(9)-C(4)-C(3) 106.42(11) 
C(5)-C(4)-H(13) 108.6(9) 
C(9)-C(4)-H(13) 110.9(9) 
C(3)-C(4)-H(13) 108.8(8) 
N(1)-C(16)-C(17) 123.30(12) 
N(1)-C(16)-C(3) 113.98(11) 
C(17)-C(16)-C(3) 122.69(12) 
C(16)-N(1)-C(20) 116.89(12) 
O(1)-C(1)-O(2) 120.57(14) 
O(1)-C(1)-C(5) 127.98(14) 
O(2)-C(1)-C(5) 111.41(12) 
C(1)-C(5)-C(6) 112.34(12) 
C(1)-C(5)-C(4) 105.41(11) 
C(6)-C(5)-C(4) 117.68(13) 
C(1)-C(5)-H(1) 102.5(9) 
C(6)-C(5)-H(1) 110.0(8) 
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C(4)-C(5)-H(1) 107.8(9) 
O(2)-C(3)-C(15) 107.89(10) 
O(2)-C(3)-C(16) 107.84(11) 
C(15)-C(3)-C(16) 113.38(11) 
O(2)-C(3)-C(4) 107.04(10) 
C(15)-C(3)-C(4) 104.95(11) 
C(16)-C(3)-C(4) 115.36(10) 
C(15)-C(10)-C(11) 119.79(14) 
C(15)-C(10)-C(9) 111.38(13) 
C(11)-C(10)-C(9) 128.69(14) 
C(13)-C(14)-C(15) 118.61(15) 
C(13)-C(14)-H(12) 122.6(10) 
C(15)-C(14)-H(12) 118.8(10) 
C(16)-C(17)-C(18) 118.60(14) 
C(16)-C(17)-H(17) 118.9(10) 
C(18)-C(17)-H(17) 122.5(10) 
C(6)-C(7)-C(8) 109.87(13) 
C(6)-C(7)-H(4) 108.7(10) 
C(8)-C(7)-H(4) 111.7(9) 
C(6)-C(7)-H(5) 109.2(11) 
C(8)-C(7)-H(5) 110.8(11) 
H(4)-C(7)-H(5) 106.5(13) 
C(10)-C(9)-C(8) 114.60(12) 
C(10)-C(9)-C(4) 104.47(11) 
C(8)-C(9)-C(4) 115.19(13) 
C(10)-C(9)-H(8) 105.5(9) 
C(8)-C(9)-H(8) 108.8(9) 
C(4)-C(9)-H(8) 107.6(9) 
C(19)-C(18)-C(17) 118.86(14) 
C(19)-C(18)-H(16) 122.3(10) 
C(17)-C(18)-H(16) 118.9(10) 
C(7)-C(8)-C(9) 111.02(13) 
C(7)-C(8)-H(6) 110.4(10) 
C(9)-C(8)-H(6) 108.1(10) 
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C(7)-C(8)-H(7) 107.2(10) 
C(9)-C(8)-H(7) 109.2(9) 
H(6)-C(8)-H(7) 110.9(14) 
C(10)-C(11)-C(12) 119.05(16) 
C(10)-C(11)-H(9) 121.6(11) 
C(12)-C(11)-H(9) 119.3(11) 
C(7)-C(6)-C(5) 112.27(13) 
C(7)-C(6)-H(2) 113.4(11) 
C(5)-C(6)-H(2) 107.2(11) 
C(7)-C(6)-H(3) 108.9(11) 
C(5)-C(6)-H(3) 107.5(10) 
H(2)-C(6)-H(3) 107.3(15) 
C(18)-C(19)-C(20) 118.66(14) 
C(18)-C(19)-H(15) 122.6(11) 
C(20)-C(19)-H(15) 118.7(11) 
N(1)-C(20)-C(19) 123.70(15) 
N(1)-C(20)-H(14) 115.0(10) 
C(19)-C(20)-H(14) 121.2(10) 
C(14)-C(13)-C(12) 120.24(15) 
C(14)-C(13)-H(11) 120.8(12) 
C(12)-C(13)-H(11) 119.0(12) 
C(13)-C(12)-C(11) 121.05(17) 
C(13)-C(12)-H(10) 118.0(11) 
C(11)-C(12)-H(10) 120.9(11) 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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 Table 4.   Anisotropic displacement parameters  (Å2x 103) for DF01t.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
________________________________________________________________________
______  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________
______  
O(2) 32(1)  26(1) 23(1)  1(1) 3(1)  2(1) 
O(1) 42(1)  38(1) 36(1)  12(1) 0(1)  0(1) 
C(15) 28(1)  23(1) 21(1)  4(1) 8(1)  1(1) 
C(4) 34(1)  19(1) 25(1)  0(1) 13(1)  -1(1) 
C(16) 22(1)  20(1) 29(1)  1(1) 7(1)  2(1) 
N(1) 41(1)  28(1) 27(1)  4(1) 4(1)  -7(1) 
C(1) 25(1)  27(1) 33(1)  7(1) 8(1)  -1(1) 
C(5) 28(1)  24(1) 35(1)  3(1) 14(1)  3(1) 
C(3) 27(1)  21(1) 19(1)  0(1) 5(1)  -1(1) 
C(10) 29(1)  24(1) 25(1)  5(1) 6(1)  0(1) 
C(14) 37(1)  26(1) 29(1)  3(1) 14(1)  4(1) 
C(17) 30(1)  29(1) 31(1)  -4(1) 10(1)  -3(1) 
C(7) 46(1)  21(1) 38(1)  0(1) 19(1)  -5(1) 
C(9) 36(1)  26(1) 21(1)  -1(1) 7(1)  -4(1) 
C(18) 31(1)  26(1) 47(1)  -5(1) 12(1)  -6(1) 
C(8) 45(1)  26(1) 36(1)  -7(1) 11(1)  -8(1) 
C(11) 32(1)  36(1) 46(1)  7(1) 8(1)  -5(1) 
C(6) 42(1)  23(1) 43(1)  3(1) 16(1)  5(1) 
C(19) 39(1)  29(1) 47(1)  8(1) 13(1)  -6(1) 
C(20) 49(1)  35(1) 33(1)  9(1) 7(1)  -8(1) 
C(13) 43(1)  36(1) 46(1)  8(1) 25(1)  11(1) 
C(12) 30(1)  47(1) 63(1)  14(1) 23(1)  7(1) 
________________________________________________________________________
______ 
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 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for DF01t. 
________________________________________________________________________
________  
 x  y  z  U(eq) 
________________________________________________________________________
________  
  
H(1) 5990(20) 2490(9) 2090(14) 27(4) 
H(4) 9710(20) 3093(9) 1267(15) 32(4) 
H(6) 11570(20) 3200(10) 3480(16) 43(5) 
H(12) 9880(20) -9(10) 1126(15) 34(4) 
H(16) 5530(20) -1239(10) 1990(16) 40(5) 
H(8) 10460(20) 2077(9) 4402(15) 31(4) 
H(2) 6930(20) 3551(11) 887(18) 50(5) 
H(13) 7770(20) 1849(8) 3643(14) 27(4) 
H(9) 13340(20) 2113(10) 3290(16) 39(5) 
H(5) 9710(20) 3953(11) 1843(16) 43(5) 
H(10) 14340(20) 1088(10) 2265(17) 47(5) 
H(11) 12760(30) 32(11) 1209(17) 51(5) 
H(15) 6300(20) -1294(11) 4345(18) 54(5) 
H(3) 7340(20) 3669(10) 2400(17) 40(5) 
H(7) 9960(20) 3423(10) 3938(17) 42(5) 
H(14) 7910(20) -237(10) 5550(18) 49(5) 
H(17) 6410(20) -118(9) 1018(15) 34(4) 
________________________________________________________________________
________ 
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 Table 6.  Torsion angles [°] for DF01t. 
________________________________________________________________  
C(17)-C(16)-N(1)-C(20) -0.5(2) 
C(3)-C(16)-N(1)-C(20) -178.51(14) 
C(3)-O(2)-C(1)-O(1) 172.80(13) 
C(3)-O(2)-C(1)-C(5) -9.40(15) 
O(1)-C(1)-C(5)-C(6) -42.3(2) 
O(2)-C(1)-C(5)-C(6) 140.15(13) 
O(1)-C(1)-C(5)-C(4) -171.62(14) 
O(2)-C(1)-C(5)-C(4) 10.79(16) 
C(9)-C(4)-C(5)-C(1) 109.72(13) 
C(3)-C(4)-C(5)-C(1) -7.61(14) 
C(9)-C(4)-C(5)-C(6) -16.42(18) 
C(3)-C(4)-C(5)-C(6) -133.75(13) 
C(1)-O(2)-C(3)-C(15) -108.47(12) 
C(1)-O(2)-C(3)-C(16) 128.71(11) 
C(1)-O(2)-C(3)-C(4) 4.02(14) 
C(10)-C(15)-C(3)-O(2) 115.34(12) 
C(14)-C(15)-C(3)-O(2) -64.12(16) 
C(10)-C(15)-C(3)-C(16) -125.30(12) 
C(14)-C(15)-C(3)-C(16) 55.24(17) 
C(10)-C(15)-C(3)-C(4) 1.46(14) 
C(14)-C(15)-C(3)-C(4) -178.00(13) 
N(1)-C(16)-C(3)-O(2) -158.94(11) 
C(17)-C(16)-C(3)-O(2) 23.04(17) 
N(1)-C(16)-C(3)-C(15) 81.67(14) 
C(17)-C(16)-C(3)-C(15) -96.35(16) 
N(1)-C(16)-C(3)-C(4) -39.39(17) 
C(17)-C(16)-C(3)-C(4) 142.59(14) 
C(5)-C(4)-C(3)-O(2) 2.67(13) 
C(9)-C(4)-C(3)-O(2) -122.22(11) 
C(5)-C(4)-C(3)-C(15) 117.16(11) 
C(9)-C(4)-C(3)-C(15) -7.73(13) 
C(5)-C(4)-C(3)-C(16) -117.32(12) 
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C(9)-C(4)-C(3)-C(16) 117.79(13) 
C(14)-C(15)-C(10)-C(11) 1.4(2) 
C(3)-C(15)-C(10)-C(11) -178.11(13) 
C(14)-C(15)-C(10)-C(9) -174.74(12) 
C(3)-C(15)-C(10)-C(9) 5.77(15) 
C(10)-C(15)-C(14)-C(13) -1.2(2) 
C(3)-C(15)-C(14)-C(13) 178.19(13) 
N(1)-C(16)-C(17)-C(18) 0.9(2) 
C(3)-C(16)-C(17)-C(18) 178.70(13) 
C(15)-C(10)-C(9)-C(8) -137.39(14) 
C(11)-C(10)-C(9)-C(8) 46.9(2) 
C(15)-C(10)-C(9)-C(4) -10.41(15) 
C(11)-C(10)-C(9)-C(4) 173.90(14) 
C(5)-C(4)-C(9)-C(10) -105.23(13) 
C(3)-C(4)-C(9)-C(10) 10.76(13) 
C(5)-C(4)-C(9)-C(8) 21.39(17) 
C(3)-C(4)-C(9)-C(8) 137.38(12) 
C(16)-C(17)-C(18)-C(19) -0.5(2) 
C(6)-C(7)-C(8)-C(9) 65.20(17) 
C(10)-C(9)-C(8)-C(7) 75.98(18) 
C(4)-C(9)-C(8)-C(7) -45.29(18) 
C(15)-C(10)-C(11)-C(12) -0.9(2) 
C(9)-C(10)-C(11)-C(12) 174.51(14) 
C(8)-C(7)-C(6)-C(5) -59.59(17) 
C(1)-C(5)-C(6)-C(7) -87.39(17) 
C(4)-C(5)-C(6)-C(7) 35.29(19) 
C(17)-C(18)-C(19)-C(20) -0.2(2) 
C(16)-N(1)-C(20)-C(19) -0.2(3) 
C(18)-C(19)-C(20)-N(1) 0.6(3) 
C(15)-C(14)-C(13)-C(12) 0.5(2) 
C(14)-C(13)-C(12)-C(11) -0.1(3) 
C(10)-C(11)-C(12)-C(13) 0.2(3) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms: 
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(E,Z)-4-hydroxy-N-methoxy-N-methylhept-5-enamide (2.75) 
 
 To a stirring solution of MeNHOMe·HCl (137 mg, 1.4 mmol) in CH2Cl2 (2.6 mL) at 
0 °C was added AlMe3 (0.7 mL, 1.4 mmol, 2.0 M in toluene).  The reaction mixture was 
stirred for 15 min at which time a solution of lactone 2.7458 (88.3 mg, 0.7 mmol) in CH2Cl2 
(2.6 mL) was added in one portion.  The reaction was allowed to warm to room temperature 
over ~12 h. The reaction was quenched with 2M HCl (10 mL) and extracted with CH2Cl2 (3 
x 50 mL) and brine (3 x 50 mL).  The organic layer was dried over MgSO4 and concentrated.  
The crude product was purified by silica gel chromatography (1 cm x 5 cm, 100% Et2O) to 
provide 2.75 (74.6 mg, 57% yield) as a clear yellow oil. 
 
1H NMR (CDCl3, 400 MHz) δ 5.70 (1H, dddd, J = 15.4, 13.0, 6.6, 1.1 Hz), 5.50 (1H, ddd, J 
= 15.4, 6.6, 1.6 Hz), 4.16-4.08 (1H, m), 3.68 (3H, s), 3.18 (3H, s), 2.64-2.47 (2H, m), 1.92-
1.78 (2H, m), 1.72-1.66 (3H, m). 
 
13C NMR (CDCl3, 100 MHz) δ174.9, 133.9, 133.4 (m), 126.5, 126.0 (m), 72.2, 67.0 (m), 61.3, 
32.4 (m), 31.9, 31.8 (m), 28.2, 17.8. 
 
FTIR (NaCl, thin film) 3421 (b), 2963.1 (s), 2839 (w), 1633 (s), 1463 (m), 1424 (w), 1179 
(m), 1125 (w), 1060 (w) cm-1. 
 
HRMS (DART, [M+H]+): Found 188.1283, calcd for C9H18NO3 188.1287. 
 
                                                 
(58) Kawashima, M.; Fujisawa, T. Bull. Chem. Soc. Jpn. 1988, 61, 3377-3379. 
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(E,Z)-4-(allyloxy)-N-methoxy-N-methylhept-5-enamide (2.76) 
Me
OH
O
N
OMe
Me
Me
O
O
N
OMe
MeNaH, DMF
54%
2.75 2.76  
 To a solution of  sodium hydride (60 wt %,32 mg, 0.8 mmol), THF (1.5 mL), and 
DMF (0.3 mL) stirring at 0 °C was added a solution of alcohol 2.75 (47.4 mg, 0.3 mmol) and 
THF (1.5 mL).  The reaction was allowed to stir for 1 h at which time allyl bromide (67 μL, 
0.8 mmol) was added in one portion.  The reaction was allowed to warm to room 
temperature over ~12 h.  The reaction was quenched with NH4Cl (sat) (1 mL).  The reaction 
was extracted with Et2O (3 x 25 mL) and brine (3 x 25 mL). The organic layer was dried over 
MgSO4 and concentrated.  The crude product was purified by silica gel chromatography (1 
cm x 10 cm, hexanes to 33% EtOAc in hexanes) to provide allyl ether 2.76 (31.3 mg, 54% 
yield) as a yellow oil.  
 
1H NMR (CDCl3, 400 MHz) δ 5.86 (1H, dddd, J = 17.2, 16.3, 11.2, 5.9 Hz), 5.63 (1H, tdd, J 
= 15.4, 6.6, 0.7 Hz), 5.36-5.28 (1H, m), 5.24 (1H, dq, J = 17.2, 1.7 Hz), 5.13 (1H, dq, J = 
10.3, 1.3 Hz), 4.02 (1H, ddt, J = 13.0, 5.3 1.6 Hz), 3.80 (1H, ddt, J = 12.8, 5.9, 1.5 Hz), 5.77-
3.65 (1H, m), 3.67 (3H, s), 3.17(3H, s),  2.50 (2H, t, J = 7.5 Hz), 1.92-1.80 (2H, m), [olefin 
cis:trans  = 1:6  δ  1.71 (3H, dd, J = 6.4, 1.7 Hz) or 1.66 (3H, dd, J = 7.0, 1.8 Hz)]. 
 
13C NMR (CDCl3, 100 MHz) δ 174.4, 135.3, 131.6, 131.4, 128.8, 127.6 (m), 116.2, 79.3, 73.1 
(m), 68.9, 61.2, 32.4 (m), 30.3, 30.1 (m), 27.8, 17.8, 13.5 (m). 
 
FTIR (NaCl, thin film) 2963 (s), 2861 (m), 1667 (s), 1417 (m), 1080 (m), 998 (m) cm-1. 
 
HRMS (DART, [M+H]+): Found 228.1605, calcd for C12H22NO3 228.1600. 
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(E,Z)-4-(allyloxy)-1-(pyridin-2-yl)hept-5-en-1-one (2.77) 
Me
O
O
N
OMe
Me
2.76
53%
N Br
nBuLi
Me
O
O
N
2.77  
 The general procedure for addition of 2-bromopyridine to a weinreb amide was 
followed with 2-bromo pyridine (96 μL, 1.0 mmol)and n-BuLi (0.25 mL, 0.6 mmol, 2.3 M in 
hexanes) in Et2O (2.5 mL) followed by  weinreb amide 2.76 (114 mg, 0.5 mmol) in Et2O (10 
mL).  The crude reaction mixture was purified by silica gel chromatography (2 cm x 10 cm, 
10% Et2O in hexanes) to provide pyridyl ketone 2.77 (65.8 mg, 53% yield) as a clear 
colorless oil. 
 
1H NMR (CDCl3, 400 MHz) δ 8.68 (1H, ddd, J = 4.8, 1.8, 0.9 Hz), 8.02 (1H, dt, J = 7.9, 1.1 
Hz), 7.82 (1H, td, J = 7.7, 1.7 Hz), 4.45 (1H, ddd, J = 7.5, 4.8, 1.3 Hz), 5.91–5.80 (1H, m), 
5.69–5.58 (1H, m), 5.39-5.31 (1H, m), 5.23 (1H, dq, J = 17.2, 1.8 Hz), 5.13-5.07 (1H, m), 
4.04-3.98 (1H, m), 3.28 (2H, ddd, J = 19.1, 9.6, 8.1 Hz), 2.10-1.86 (2H, m), [olefin cis:trans 
=1.3.8 δ 1.70 (3H, dd, J =6.4, 1.7 Hz) or 1.65 (3H, dd, J = 6.8, 1.7 Hz)]. 
 
13C NMR (CDCl3, 100 MHz) δ 201.7, 153.6, 148.9, 136.8, 135.3, 131.7, 129.0, 127.0, 121.8, 
116.4, 79.6, 69.0, 33.9, 30.1, 17.8. 
 
FTIR (NaCl, thin film) 3076 (w), 2947 (m), 2860 (m), 1696 (s), 1584 (w), 1438 (w), 1080 (s), 
995 (w), 923 (w) cm-1. 
 
HRMS (DART, [M+H]+): Found 246.1493, calcd for C15H20NO2 246.1494. 
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(±)-(2aR*,4aS*,6bS*)-6a-pyridin-2-ylhexahydro-1,6-dioxacyclopenta[cd]pentalen-2(2aH)-one 
(2.79) 
 
 
 The general tandem RCM/HPK procedure was followed with diene 2.77 (37.4 mg, 
0.15 mmol).  The crude reaction mixture was purified by silica gel chromatography (1 cm x 5 
cm, 75% Et2O in hexanes 1% AcOH) to provide lactone 2.79 (18.0 mg, 51% yield) as a 
brown oil. 
 
1H NMR (CDCl3, 400 MHz) δ 8.57 (1H, ddd, J = 4.9, 1.8, 1.1 Hz), 7.70 (1H, td, J = 9.5, 1.8 
Hz), 7.53 (1H, dt, J = 7.9, 0.9 Hz), 7.22 (1H, ddd, J = 7.5, 4.8, 1.1 Hz), 4.73 (1H, ddd, J = 
7.0, 5.1, 2.6 Hz), 4.46 (1H, d, J = 9.1 Hz), 3.93 (1H, dd, J = 9.2, 6.4 Hz), 3.72 (1H, dd, J = 
9.2, 6.6 Hz), 3.25 (1H, ddd, J = 9.3, 6.4, 1.1 Hz), 2.48-2.40 (2H, m) 2.34-2.12 (2H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 178.5, 162.0, 149.5, 136.9, 122.7, 118.9, 95.4, 87.7, 73.7, 56.7, 
47.6, 40.5, 31.5. 
 
FTIR (NaCl, thin film) 2968 (s), 2874 (s), 1775 (s), 1589 (w), 1589 (w), 1470 (w), 1435 (w), 
1060 (s) cm-1. 
 
HRMS (DART, [M+H]+): Found 232.0972, calcd for C13H14NO3 232.0972 
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ethyl 3-(allyloxymethyl)pent-4-enoate (2.81) 
 
 
 A mixture of alcohol 2.8059 (1.38 g, 10.7 mmol), trietyl ortho acetate (13 mL, 75 
mmol), and propionic acid (112 μL, 1.5 mmol) were warmed in a 130 °C oil bath for 24 h.  
The reaction was quenched with 2N HCl (15 mL) and extracted with Et2O (3 x 50 mL) and 
saturated NaHCO3 (aq) (3 x 50 mL).  The organic layer was dried over MgSO4 and 
concentrated.  The crude ester 2.81 (1.6 g, 75% yield) was used without further purification.  
For purposes of characterization, the crude product was purified by silica gel 
chromatography (10 % Et2O in hexanes).   
 
1H NMR (CDCl3, 400 MHz) δ 5.88 (1H, qt, J = 10.4, 5.5 Hz), 5.75 (1H, ddd, J = 18.1, 10.4, 
7.9 Hz), 5.26 ( 1H, dq, J = 17.2, 1.7 Hz), 5.19-5.06 (3H, m), 4.12 (2H, q, J = 7.1 Hz), 3.99 – 
3.95 (2H, m), 3.40 (1H, dd, J = 9.3, 5.7 Hz), 3.35 (1H, dd, J = 9.3, 7.1 Hz), 2.91 – 2.82 (1H, 
m), 2.55 (1H, dd, J = 15.1, 6.1 Hz), 2.34 (1H, dd, J = 15.4, 8.2 Hz), 1.24 (3H, t, J = 7.4 Hz). 
 
13C NMR (CDCl3, 100 MHz) δ 174.4, 138.1, 134.8, 116.8, 116.2, 72.8, 72.0, 60.4, 40.5, 36.7, 
14.4. 
 
FTIR (NaCl, thin film) 3079 (w), 2981 (m), 2863 (m), 1738 (s), 1644 (w), 1420 (m), 1371 
(m), 1252 (m), 1179 (m), 1102 (m), 921 (m) cm-1. 
 
HRMS (DART, [M+H]+): Found 199.1336, calcd for C11H19O3 199.1334. 
 
 
                                                 
(59) Hansen, E. C.; Lee, D. Org. Lett. 2004, 6, 2035-2038. 
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3-(allyloxymethyl)pent-4-en-1-ol (2.82) 
 
 
 To a stirring solution of ester 2.81 (993 mg, 5.0 mmol) in Et2O (13 mL) at -78 °C 
was added LAH (381 mg, 10.0 mmol).  The reaction was allowed to warm to room 
temperature over ~12 h and was quenched according to the procedure of Micovic by 
sequential addition of 0.4 mL H2O, 0.4 mL 15% NaOH, and 1.2 mL H2O.60 The white solid 
was filtered and concentrated under vacuum to provide ester 2.82 (408.9 mg, 52% yield) as a 
clear colorless oil.  The crude material was used without further purification.  To provide 
analytically pure material the crude material was purified by silica gel chromatography (25% 
Et2O in hexanes). 
 
1H NMR (CDCl3, 400 MHz) δ 5.90 (1H, ddt, J = 17.2, 10.4, 5.7 Hz), 5.72 (1H, ddd, J = 
17.4, 10.4, 8.4 Hz), 5.27 (1H, dq, J =17.2, 1.7 Hz), 5.18 (1H, J = 10.4, 1.3 Hz), 5.13 (1H, dd, 
J = 1.8, 0.9 Hz), 5.07 (1H, ddd, J = 10.4, 1.6, 0.9 Hz), 3.99 (2H, m), 3.75 – 3.60 (2H, m), 3.44 
(1H, dd, J = 9.2, 5.5 Hz), 3.37 (1H, dd, J = 9.3, 7.3 Hz), 2.55-2.45 (1H, m), 2.06 (1H, t, J =  
5.9 Hz), 1.76 (1H, ddt, J =  11.7, 7.5, 5.9 Hz), 1.65 (1H, ddt, J = 13.9, 7.7, 6.0 Hz). 
 
13C NMR (CDCl3, 100 MHz) δ 139.6, 134.6, 117.3, 115.9, 74.0, 72.2, 61.2, 41.7, 35.3. 
 
FTIR (NaCl, thin film) 3418 (br), 3356 (b), 3076 (w), 2952 (m), 2872 (s), 1643 (m), 1421 
(m), 1349 (m), 1057 (s), 998 (s), 919 (s) cm-1. 
 
HRMS (DART, [M+H]+): Found 157.1231, calcd for C9H17O2 157.1229. 
 
 
 
                                                 
(60) Micovic, V. M.; Mihailovic, M. L. J. Org. Chem. 1953, 18, 1190-1200. 
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3-(allyloxymethyl)-5-iodopent-1-ene (2.83) 
 
 
 The general iodination procedure was followed with alcohol 2.82 (300 mg, 1.9 
mmol), iodine (733 mg, 2.9 mmol), triphenyl phosphine (905 mg, 3.5 mmol), acetonitrile (2.4 
mL), and Et2O (4.0 mL).  The crude reaction mixture was purified by silica gel 
chromatography (2 cm x 10 cm, 50% Et2O in hexanes) to provide iodide 2.83 (254.4 mg, 
50% yield) as a clear colorless oil. 
 
1H NMR (CDCl3, 400 MHz) δ 5.90 (1H, ddt, J = 17.2, 10.6, 5.7 Hz), 5.60 (1H, ddd, J = 
17.2, 10.3, 8.6 Hz), 5.26 (1H, dq, J = 17.2, 1.7 Hz), 5.20-5.10 (3H, m), 3.96 (2H, dq, J = 5.5, 
1.3 Hz), 3.38 (2H, qd, J = 9.3, 5.9 Hz), 3.27 (1H, ddd, J = 9.5, 7.9, 5.1 Hz), 3.10 (1H, dt, J = 
9.5, 8.1 Hz), 2.46 (1H, m), 2.09 (1H, dtd, J = 14.1, 8.1, 4.4 Hz), 1.80 (1H, dddd, J = 14.5, 9.3, 
7.7, 5.1 Hz). 
 
13C NMR (CDCl3, 100 MHz) δ 138.1, 134.8, 117.2, 117.0, 73.2, 72.2, 45.1, 35.3, 4.8. 
 
FTIR (NaCl, thin film) 3076 (w), 3025 (w), 2960 (m), 2862 (s), 1728 (w), 1643 (w), 1421 (w), 
1099 (s), 920 (s) cm-1. 
 
HRMS (DART, [M+H]+): Found 267.0253, calcd for C9H16IO 267.0246. 
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4-(allyloxymethyl)-1-(pyridin-2-yl)hex-5-en-1-one (2.84) 
 
 To a solution of the iodine 2.83 (247.0 mg, 0.93 mmol) stirring in Et2O (3.3 mL) at -
78 °C was added t-BuLi (2.2 mL, 1.9 mmol, 0.86 M in pentane).  After 1 h a solution of N-
methoxy-N-methyl-2-pyridinecarboxamide 2.5252 (140 mg, 0.84 mmol) in Et2O (1.5 mL) was 
added to the reaction mixture by syringe.  The reaction was allowed to stir at -78 °C for 10 
min and then allowed to warm to room temperature. When the pyridyl ketone had vanished 
by TLC (100% Et2O) (~2 h), the reaction was quenched with NH4Cl (sat) (5 mL) and 
extracted with Et2O (3 x 25 mL) and brine (3 x 25 mL).  The organic layer was dried over 
MgSO4 and concentrated.  The crude product was purified by silica gel chromatography (2 
cm x 10 cm, 33% Et2O in hexanes to 50% Et2O in hexanes) to provide pyridyl ketone 2.84 
(103.9 mg 38% yield) as a clear colorless oil. 
 
1H NMR (CDCl3, 400 MHz) δ 8.68 (1H, ddd, J = 4.8, 1.8, 0.9 Hz),  8.02 ( 1H, dt, J = 7.9, 
0.9 Hz), 7.82 (1H, td, J= 7.5, 1.7 Hz), 7.45 (1H, ddd, J = 7.5, 4.8, 1.3 Hz), 5.90 (1H, ddt, J 
=17.2, 10.4, 5.5 Hz), 5.69 (1H, ddd, J = 17.2, 10.3, 8.4 Hz), 5.26 (1H, dq, J =17.4, 1.8 Hz), 
5.18-5.06 (3H, m), 3.98 (2H, dt, J = 5.5, 1.5 Hz), 3.42 (2H, d, J = 6.4 Hz), 3.25 (2H, t, J = 7.5 
Hz), 2.48-2.40 (1H, m), 2.03-1.93 (1H, m), 1.77-1.66 (1H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 201.9, 153.6, 149.0, 139.6, 136.9, 135.1, 127.0, 121.8, 116.8, 
116.5, 73.9, 72.1, 44.0, 35.5, 25.6. 
 
FTIR (NaCl, thin film) 3075 (w), 2978 (w), 2952 (w), 2865 (m), 1697 (s), 1584 (w), 1365 (w), 
1103 (m), 995 (m), 919 (m), 776 (w) cm-1. 
 
HRMS (DART, [M+H]+): Found 246.1505, calcd for C15H20NO2 246.1494. 
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(±)-(4aR*,7aS*,7bS*)-2a-pyridin-2-yloctahydro-1H-2,6-dioxacyclopenta[cd]inden-1-one (2.86) 
 
 
 The general tandem RCM/HPK procedure was followed with diene 2.84 (37.1 mg, 
0.15 mmol).  The crude reaction mixture was purified by silica gel chromatography (1 cm x 5 
cm, 40% Et2O in hexanes with 1% AcOH) to provide lactone 2.86 (28.1 mg, 44% yield) as a 
gray solid. 
 
1H NMR (CDCl3, 400 MHz) δ 8.59 (1H, ddd, J = 4.8, 1.6, 0.9 Hz), 7.71 (1H, td, J = 7.9, 1.8 
Hz),  7.55 (1H, dt, J=7.9, 1.1 Hz), 7.23 (1H, ddd, J=7.5, 4.8, 1.3 Hz), 4.43 (1H, d, J = 2.1 
Hz), 3.96 (1H, d, J = 2.1), 3.64 (1H, dd, J = 12.0, 3.9 Hz), 3.52 (1H, dd, J = 11.9, 4.2 Hz), 
3.41 ( 1H, t, J = 10.1 Hz), 2.58 (1H, dd, J = 10.3, 4.0 Hz), 2.39 – 2.21 (3H, m), 2.08-1.95 
(1H, m), 1.95-1.85 (1H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 177.5, 160.4, 149.5, 136.9, 122.9, 119.8, 96.3, 68.4, 65.6, 43.3, 
39.9, 37.7, 37.0, 28.7. 
 
FTIR (NaCl, thin film) 3053 (w), 2957 (w), 2858 (w), 1768 (s), 1589 (w), 1468 (w), 1181 (w), 
1150 (w), 1119 (w), 1063 (w), 998 (w), 752 (w) cm-1. 
 
HRMS (DART, [M+H]+): Found246.1135, calcd for C14H16NO3 246.1130. 
 
mp 88-90 °C 
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1-phenyl-4-vinylnon-8-en-1-one (2.93) 
 
 
 To a stirring solution of t-BuLi (1.74 mL, 1.7 mmol, 0.98 M in pentane) in Et2O (2.0 
mL) at -78 °C was added a solution of iodine 2.51 (250 mg, 0.9 mmol) in Et2O (1.8 mL).  
After 30 min a solution of N-benzoyl-N-methyl-O-methylhydroxylamine61 (149 mg, 0.53 
mmol) in Et2O (0.9 mL) was added to the reaction mixture by syringe.  The reaction was 
allowed to stir at -78 °C for 10 min and then allowed to warm to room temperature. When 
the N-Benzoyl-N-methyl-O-methylhydroxylamine had vanished as judged by TLC (~2 h), 
the reaction was quenched with NH4Cl (sat) (2 mL) and extracted with Et2O (3 x 25 mL) 
and brine (3 x 25 mL).  The organic layer was dried over MgSO4 and concentrated.  The 
crude product was purified by silica gel chromatography (2 cm x 10 cm, hexanes to 10% 
Et2O in hexanes) to provide phenyl ketone 2.93 contaminated with t-butyl phenyl ketone.  
The mixture was submitted to 10 wt % AgNO3 impregnated silica gel (2 cm x 10 cm, 50% 
Et2O in hexanes) to provide phenyl ketone 2.93 (59.7 mg, 26% yield) as a clear colorless oil. 
 
1H NMR (CDCl3, 400 MHz) δ 7.98-7.92 (2H, m), 7.54 (1H, tt, J = 7.1, 1.3 Hz), 7.45 (2H, t, J 
= 7.9 Hz), 5.78 (1H, ddt, J = 16.8, 10.1, 6.8 Hz), 5.54 (1H, ddd, J = 17.2, 10.3, 9.0 Hz), 5.06-
4.90 (4H, m), 2.95 (2H, qdd, J = 17.0, 9.3, 5.7 Hz), 2.10-1.85 (2H, m), 1.88 (1H, dddd, J = 
13.6, 9.0, 6.2, 4.0 Hz), 1.61 (1H, dtd, J = 14.7, 9.2, 5.5 Hz), 1.50-1.30 (4H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 200.5, 142.5, 139.0, 137.2, 132.9, 128.6, 128.1, 115.4, 114.5, 
44.0, 36.5, 34.8, 34.0, 29.3, 26.6. 
 
FTIR (NaCl, thin film) 3073 (w), 2976 (w), 2947 (w), 2894 (w), 2860 (w), 1687 (s), 1640 (w), 
1580 (w), 998 (m), 912 (m), 740 (w), 689 (m) cm-1. 
 
                                                 
(61) Murphy, J. A.; Commeureuc, A. G. J.; Snaddon, T. N.; McGuire, T. M.; Khan, T. A.; Hisler, K.; Dewis, M. 
L.; Carling, R. Org. Lett. 2005, 7, 1427-1429. 
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HRMS (DART, [M+H]+): Found243.1753, calcd for C17H23O 243.1749. 
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1-(pyrimidin-2-yl)-4-vinylnon-8-en-1-one (2.92) 
 
 
 A stock solution of the Grignard reagent of iodide 2.51 was prepared by adding a 
solution of iodide 2.51 (1.6 g, 6.0 mmol) and Et2O (3 mL) to a round bottom flask 
containing magnesium turnings (160 mg, 6.6 mmol).  The heterogeneous mixture was 
refluxed for 5 h at which time the mixture was cooled and titrated to form a solution of 
Grignard reagent (0.65 M).   
 To a 0 °C solution of pyrimidine-2-carbonitrile 2.91 (85 mg, 0.8 mmol) in Et2O (1.3 
mL) was added the previously formed Grignard reagent (1.5 mL).  The solution was allowed 
to warm overnight.  The reaction was quenched with 2 M HCl (2 mL) and was treated with 
NaOH (2 M) until basic.  The reaction was then extracted with Et2O (3 x 25 mL) and brine 
(3 x 25 mL). The organic layer was dried over MgSO4 and concentrated.  The crude reaction 
mixture was purified by silica column chromatography (2 cm x 10 cm, 50% Et2O in hexanes 
to 100% Et2O in hexanes) to provide ketone 2.92 (88.6 mg, 45% yield) as a clear colorless 
oil. 
 
1H NMR (CDCl3, 400 MHz) δ 8.91 (2H, d, J = 5.0 Hz), 7.44 (1H, t, J =4.8 Hz), 5.78 ( 1H, 
ddt, J = 17.0, 10.3, 6.8 Hz), 5.54 (1H, ddd, J = 16.8, 10.6, 9.0 Hz), 5.02-4.90 (4H, m), 3.20 
(2H, dt, J = 9.0, 6.0 Hz), 2.10-1.98 (2H, m), 1.89 (1H, dddd, J = 13.4, 9.2, 6.6, 4.6 Hz), 1.73-
1.64 (1H, m), 1.47-1.30 (5H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 199.9, 160.3, 157.6, 142.4, 138.9, 122.9, 115.3, 114.4, 43.8, 
37.1, 34.6, 33.9, 28.9, 26.6. 
 
FTIR (NaCl, thin film) 3074 (m), 2976 (m), 2861 (m), 1715 (s), 1640 (w), 1563(s), 1413 (m), 
1368 (w), 1324 (w), 998 (m), 914 (m) cm-1. 
 
HRMS (DART, [M+H]+): Found 245.1648, calcd for C15H21N2O 245.1654. 
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1-(pyridin-2-yl)-5-vinyldec-9-en-1-one (2.90) 
 
 
 To a -78 °C stirring solution of the iodide 2.51 ( 290 mg, 1.1 mmol) in Et2O (4.0 mL) 
was added t-BuLi (1.8 mL, 2.4 mmol, 1.37 M in pentane).  The reaction was stirred for 30 
min at which time the iodide solution was canulla transferred to a -78 °C solution of 1,3,5-
trioxane 2.87 (600 mg, 6.7 mmol) in Et2O (2 mL).  The reaction was stirred ~12 h and 
quenched with HCl (1.2 M, 1 mL) and extracted with Et2O (3 x 20 mL) and NaHCO3 (sat) 
(3 x 25 mL).  The organic layer was dried over MgSO4 and concentrated.  The crude product 
was purified by silica gel chromatography (2 cm x 10 cm, 20% Et2O in hexanes) to provide 
alcohol 2.88 (79.3 mg, 42% yield) as a clear colorless oil. 
 The general iodination procedure was followed with alcohol 2.88 (87.0 mg, 0.5 
mmol), iodine (196 mg , 0.8 mmol), triphenyl phosphine (163 mg, 0.6 mmol), acetonitrile 
(0.6 mL), and Et2O (1.0 mL).  The crude reaction mixture was purified by silica gel 
chromatography (2 cm x 10 cm, hexanes) to provide iodide 2.89 (95.3 mg, 66% yield) as a 
clear colorless oil. 
 To a solution of the iodine 2.89 (300.0 mg, 1.1 mmol) stirring in Et2O (5.4 mL) at -
78 °C was added t-BuLi (1.7 mL, 2.4 mmol, 1.37 M in pentane).  After 1 h a solution of 2-
pyridyl Weinreb amide (358 mg, 2.2 mmol) in Et2O (0.6 mL) was added to the reaction 
mixture by syringe.  The reaction was allowed to stir at -78 °C for 10 min and then allowed 
to warm to room temperature. When the pyridyl ketone had vanished by TLC (100% Et2O) 
(~2 h), the reaction was quenched with NH4Cl (sat) (5 mL) and extracted with Et2O (3 x 25 
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mL) and brine (3 x 25 mL).  The organic layer was dried over MgSO4 and concentrated.  The 
crude product was purified by silica gel chromatography (2 cm x 10 cm, 10% Et2O in 
hexanes) to provide pyridyl ketone 2.90 (158.5 mg 57% yield) as a clear colorless oil. 
 
1H NMR (CDCl3, 400 MHz) δ 8.67 (1H, ddd, J = 4.8, 1.8, 0.9 Hz), 8.03 (1H, dt, J = 7.9, 1.1 
Hz), 7.82 (1H, td, J = 7.9, 1.8 Hz), 7.46 (1H, ddd, J = 7.7, 4.8, 1.3 Hz), 5.79 ( 1H, ddt, J = 
16.8, 10.3, 6.6 Hz), 5.59-5.48 (1H, m), 5.02-4.90 (4H, m), 3.19 (2H, ddd, J = 8.1, 6.8, 2.2 Hz), 
2.1-1.9 (3H, m), 1.8-1.6 (2H, m), 1.5-1.2 (6H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 202.1, 153.7, 149.0, 143.0, 139.2, 137.0, 127.0, 121.9, 114.6, 
114.4, 44.0, 37.9, 34.8, 34.6, 34.0, 26.7, 21.9. 
 
FTIR (NaCl, thin film) 3973 (m), 2976 (m), 2947 (m), 2862 (m), 1698 (s), 1640 (m), 1436 
(m), 995 (m), 912 (s) cm-1. 
 
HRMS (DART, [M+H]+): Found 258.1848, calcd for C17H21N1O1 258.1857. 
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Chapter 3: Tandem Metathesis/ Olefin Isomerization 
 Ruthenium catalyzed olefin metathesis has become a mainstay reaction in the total 
synthesis of natural products due to the broad substrate scope as well as the stability to air 
and moisture of the Grubbs’ type catalysts (Chart 1).62 As a result, highly complex systems 
have been submitted to metathesis methodology.  Even a cursory look at the literature 
reveals the presence of non-metathesis side products formed during those metathesis 
reactions.63  Although this other reactivity generally resulted in the formation of undesired 
side products we believed this unexpected result could be used to create new tandem 
catalytic processes.   
Chart 1. Grubbs' Type Olefin Metathesis Catalyst 
 
 In a tandem process one substrate is moved through two separate catalytic processes 
where all catalysts and precatalysts are present at the beginning of the reaction.64,65  If the 
olefin formed in the metathesis step could be used as the synthetic handle for a second step, 
                                                 
(62) (a) Scholl, M.; Ding, S.; Lee, C. W.; Grubbs, R. H. Org. Lett. 1999, 1, 953. (b) Garber, S. B.; Kingbury, J. S.; 
Gray, B. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2000, 122, 8168. (c) Schwab, P.; France, M. B.; Ziller, J. W.; 
Grubbs, R. H. Angew. Chem., Int. Ed. Engl. 1995, 34, 2039. For reviews on olefin metatheses, see: (d) Furstner, 
A. Angew. Chem., Int. Ed. Engl. 2000, 39, 3012. (e) Grubbs, R. H.; Trnka, T. M. Acc. Chem. Res. 2001, 34, 18. For 
a comparison of Mo- and Ru-catalyzed olefin-metatheses, see; (f) Schrock, R. R.; Hoveyda, A. H. Angew. Chem., 
Int. Ed. 2003, 42, 4592. 
(63) Schmidt, B. Eur. J. Org. Chem. 2004, 1865. 
(64) For a review and definition of tandem catalysis see Fogg, D. E.; dos Santos, E. N. Coord. Chem. Rev. 2004, 
248, 2365. 
65 (a) Bazan, G. C.; Baker, R. T.; Obrey, S. J.; Wasilke, J. C. Chem. Rev. 2005, 105, 1001. (b) Han, K. D.; Chung, 
Y. K. Synlett 2005, 12, 1889. (c) Maier, M. E.; Varseev, G. N. Org. Lett. 2005, 7, 3881. (d) Pal, M.; Dakarapu, R.; 
Parasuraman, K.; Subramanian, V.; Yeleswarapu, K. R. J. Org. Chem. 2005, 70, 7179. 
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a useful single reaction vessel process could be developed.66  A review of the literature led to 
olefin isomerization as an intriguing transformation that could be coupled to the olefin 
metathesis reaction.   
 Olefin isomerization during metathesis modifies the carbon skeleton of a substrate in 
various ways.67  In RCM, one possible result is the formation of a mixture of different ring 
sizes.  An example of this is illustrated in eq 2.1. Treatement of diene 3.5 with catalyst 3.2 
resulted in the formation of 21-membered ring 3.6 along with 20-membered ring 3.7.68  The 
olefin migrated one methylene unit before it underwent ring closing metathesis (RCM) 
resulting in the mixture of 21 and 20 membered rings.  In this case, isomerization did not 
inhibit the eventual metathesis, in other cases both reactions do not occur simultaneously. 
  In a second possibility, isomerization migrates an olefin to a position that is slower to 
react. This is demonstrated in eq 3.2.  The attempted RCM of diene 3.9 did not form five-
membered ring 3.8.  The RCM resulted in isomerization of the olefin to the 
thermodynamically more stable ene-amine 3.10 without undergoing metathesis.  In both of 
                                                 
(66) (a) Schmidt, B. Pure Appl. Chem. 2006, 78, 469. (b) Aitken, S. G.; Abell, A. Aust. J. Chem. 2005, 58, 3. 
(67)  For examples of isomerization in olefin metathesis reaction see the following, references as well as those 
reviewed here (a) Joe, D.; Overman, L. E. Tetrahedron Lett. 1997, 38, 8635-8638. (b) Krompiec, S.; Kuznik, N.; 
Krompiec, M.; Penczek, R.; Mrzigod, J.; Torz, A. J. Mol. Catal. A: Chem. 2006, 253, 132. (c) Courchay, F. C.; 
Sworen, J. C.; Ghiviriga, I.; Abboud, K. A.; Wagener, K. B. Organometallics 2006, 25, 6074. 
(68) Furstner, A.; Thiel, O. R.; Ackermann, L.; Schanz, H. J.; Nolan, S. P. J. Org. Chem. 2000, 65, 2204. 
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these examples the isomerization mechanism and the metathesis mechanism are substantially 
different.  In other examples, the connection is significantly closer. 
 
 The last possibility was discovered when Hoye69 and Gurjar70 found metathesis 
reactions forming nonolefin products.  Hoye, after a failed attempt to ring close diene 3.11 to 
form callipeltoside A, found new reactivity of the Grubbs’ catalyst as demonstrated in eq 3.3.  
The test molecule 3.12 was transformed into methyl ketone 3.13 with the loss of one carbon 
unit.  Gurjar later found the formation of ethyl ketone 3.15 while attempting to dimerize 
3.14.  These two isomerization products are demonstrative of a keto-enol tautomerism type 
pathway that converts isomerized olefins into ketone structures.  The chemistry reported by 
these groups constituted an opportunity for a tandem process.   
 
                                                 
(69) Hoye, T. R.; Zhao, H. Y. Org. Lett. 1999, 1, 169. 
(70) Gurjar, M. K.; Yakambram, P. Tetrahedron Lett. 2001, 42, 3633. 
 
Chapter 3: Tandem Metathesis/ Olefin Isomerization 
  Page 195 
 
 
A. Production of Enol Ethers by RCM Olefin Isomerization 
 Cyclic ethers constitute a desirable motif in synthetic chemistry due to their relevence 
to the chemistry of glycols,71 polyether antibiotics, natural products72 and nucleoside 
antibiotics.73  Although various groups have shown pathways to enol ethers using RCM74 a 
tandem metathesis isomerization approach would broaden the ways to access these 
compounds.  Isomerization chemistry would allow the olefin to be placed in a more 
favorable position for both RCM and for any synthesis that led to the diene substrate. This 
reaction goal can be achieved by first executing a RCM then by applying a catalyst modifier 
that gives isomerization activity to the catalyst.  Isomerization chemistry related to olefin 
metathesis has been extensively studied and the knowledge in these studies has been useful 
in this project. 
 Various groups have investigated the cause of olefin isomerization in metathesis 
reactions.  In most cases the presence of a ruthenium hydride is believed to be the cause of 
                                                 
(71) Danishefsky, S. J.; Bilodeau, M. T. Angew. Chem., Int. Ed. Engl. 1996, 35, 1380. 
(72) (a) Clark, J. S.; Kettle, J. G. Tetrahedron 1999, 55, 8231. (b) Boivin, T. L. B. Tetrahedron 1987, 43, 3309. 
(73) Magnus, P.; Roe, M. B. Tetrahedron Lett. 1996, 37, 303. 
(74)  (a) Clark, J. S.; Elustondo, F.; Trevitt, G. P.; Boyall, D.; Robertson, J.; Blake, A. J.; Wilson, C.; Stammen, 
B. Tetrahedron 2002, 58, 1973. and references therein. (b) Rainer, J. D.; Cox, J. M.; Allwein, S. P. Tetrahedron Lett. 
2001, 42, 179. (c) Chatterjee, A. K.; Morgan, J. P.; Scholl, M.; Grubbs, R. H. J. Am. Chem. Soc. 2000, 122, 3783. 
(d) Arisawa, M.; Theerladanon, C.; Nishida, A.; Nakagawa, M. Tetrahedron Lett. 2001, 42, 8029. (e) Okada, A.; 
Ohshima, T.; Shibasaki, M. Tetrahedron Lett. 2001, 42, 8023. (f) Sturino, C. F.; Wong, J. C. Y. Tetrahedron Lett. 
1998, 39, 9623. 
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isomerization activity.75  Although some studies were published after this project,76 they 
provide insight into the activity of ruthenium catalysis.  Fogg et al. has shown the formation 
of ruthenium hydrides by reacting Grubbs’ first generation catalyst 3.1 with dihydrogen to 
produce an equilibrium mixture of 3.16 and 3.17 without elaboration of stereochemistry.77   
PCy3
Ru
PCy3
Cl
Cl Ph
H2
CH2Cl2
RuH2Cl2(PCy3)2 RuCl2(H2)(PCy3)2 3.5)
3.1 3.16 3.17
 
 The second group to study the formation of ruthenium hydrides from Grubbs’ type 
catalyst was Mol et al.78  When exposed to methanol and a base, catalyst 3.1 undergoes a 
decomposition leading to carbonyl hydride 3.22.  Mol also proposes that Fogg’s compound 
3.16 was missassigned and should in fact be carbonyl hydride 3.22.  Hydride 3.22 is a highly 
active isomerization reagent with a specificity for propenyl olefins.  Other groups have 
developed procedures to use this as a method to selectively access propenyl olefins from 
terminal olefins.79  This pathway is of limited relevance because it requires a primary alcohol 
to function.  Grubbs and coworkers have shown a thermal decomposition pathway of more 
importance to our work.   
                                                 
(75) For examples of Ru-H catalyzed isomerization see.  Suzuki, H.; Takao, T Isomerization of Organic 
Substrates Catalyzed by Ruthenium Complexes. In Ruthenium in organic synthesis, Murahashi, Shun ichi, eds.  
Wiley-VCH: Weinheim, 2004; pp. 309. 
(76) Sutton, A. E.; Seigal, B. A.; Finnegan, D. F.; Snapper, M. L. J. Am. Chem. Soc. 2002, 124, 13390. 
(77) Drouin, S. D.; Yap, G. P. A.; Fogg, D. E. Inorg. Chem. 2000, 39, 5412. 
(78) (a) Dinger, M. B.; Mol, J. C. Organometallics 2003, 22, 1089. (b) Dinger, M. B.; Mol, J. C. Eur. J. Inorg. Chem. 
2003, 2827. 
(79) (a) Hanessian, S.; Giroux, S.; Larsson, A. Org. Lett. 2006, 8, 5481. (b) Donohoe, T. J.; O'Riordan, T. J. C.; 
Rosa, C. P. Angew. Chem., Int. Ed. Engl. 12009, 48, 1014. 
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Scheme 26. Mol's mechanism for the decomposition 3.1 
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3.203.213.22
 
 Metathesis catalysts are well known to decompose in situations in which no 
methanol is present.  Grubbs studied the thermal decomposition of the methylidene version 
of the second generation catalyst 3.23.80  The key reactivity is phosphine attack on the 
methylidine resulting in the formation of a phosphorous ylide and a low-valent ruthenium 
complex 3.28.  The low-valent ruthenium complex captures a second equivalent of the 
catalyst and undergoes several steps which results in diruthenium complex 3.31.  When 
olefin 3.32 is submitted to catalyst 3.31 with warming, trans olefin 3.33 is produced in 76% 
yield.   Alcaide’s group has applied published decomposition pathways to deprotect allyl 
amines (eq 2.7).81  
                                                 
(80) (a) Hong, S. H.; Day, M. W.; Grubbs, R. H. J. Am. Chem. Soc. 2004, 126, 7414. (b) Hong, S. H.; Wenzel, A. 
G.; Salguero, T. T.; Day, M. W.; Grubbs, R. H. J. Am. Chem. Soc. 2007, 129, 7961. 
(81) Alcaide, B.; Almendros, P.; Alonso, J. M.; Aly, M. F. Org. Lett. 2001, 3, 3781. 
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Scheme 27. Grubbs' Thermal Decomposition Pathway 
 
 
 
 Each of these isomerization conditions are either harsh, limited in scope or highly 
dependent on the batch of the catalyst; however, a useful tandem metathesis/isomerization 
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reaction would have to be consistent in both activity and order.  If the order of 
isomerization and metathesis was reversed the final product would have mixtures of ring 
contraction products.  Purification of the catalyst was found to remove latent isomerization 
activity from the commercially available catalyst.  Once that activity was removed, the RCM 
occurred without fear of ring contractions.  To find an additive that would give 
isomerization activity, various hydride producing compounds were screened.   
 Hydrides are known to migrate olefins to more stable positions by a repeated 
sequence of 1,2-addition and β-hydride abstraction (eq 2.8). This sequence repeats itself until 
the olefin migrates into a low energy position.  Other ruthenium complexes have been 
shown to do this reaction including hydride 3.4082 and dihydride 3.4383 as shown in eq 3.9 
and 3.10.   
 
 
                                                 
(82) Suzuki, H.; Koyama, Y.; Morooka, Y.; Ikawa, T. Tetrahedron Lett. 1979, 1415. 
(83) Stille, J. K.; Becker, Y. J. Org. Chem. 1980, 45, 2139. 
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  Initial work on identifying catalyst modifiers that would impart isomerization 
activity to an olefin metathesis catalyst was focused on the generation of ruthenium hydrides.  
These included H2, NaOMe/MeOH, HCOOH, NaBH3CN.  Both catalyst 3.1 and catalyst 
3.3 were treated with the additives.  Each combination was tried on various substrates 
including benzyl ether 3.45 and the acetate 3.46 and allyl alcohol 3.47 protected forms.  
Lastly both methylene chloride and benzene were examined as solvents.   
 
 Of the various additives that were assessed, dihydrogen gas was the only one that 
was shown to modify the activity of the catalyst.  The isomerization activity was found to be 
limited to the isomerization of disubstituted olefins to other disubstituted olefins with no 
detectable formation of trisubstituted olefins.  Scheme 28 illustrated that the isomerization 
of both diene 3.48 and diene 3.53 will independently form a 4:1:0 ratio mixture of 3.50, 3.51, 
and 3.52.  This scheme also demonstrates the importance of picking the proper substrate to 
screen for catalyst activity.  A different substrate in which the thermodynamic mixture was 
not present or observable would have resulted in missing this activity.  Since no 
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trisubstituted olefin was formed a different substrate was designed to take advantage of this 
activity.    
Scheme 28. Succesful Catalyst Modifier 
 
 The lack of the more stable trisubstituted olefin is an advantage to this chemistry in 
that it brings a restraint on the outcome of this reaction which can be exploited.  The desired 
cyclic enol ethers fit into this requirement.  Since no trisubstituted compound is formed, the 
only product from eq 3.12 is compound 3.56.  Through more optimization of this reaction it 
was found that diluting the hydrogen modifier to 5% in nitrogen reduced unwanted 
hydrogenation side products.  This mixture is a common glove box regeneration mixture.  
Various substrates were synthesized to explore the scope of this reaction which can be seen 
in eq 3.13 to 3.19. 
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 The synthesis of various ring sizes is possible within this reaction including five (eq 
3.13), six (eq 3.14) and seven-membered rings (eq 3.15).  The highest yield is found for the 
six-membered ring which may indicate this is the most accessible for isomerization.  This 
procedure will also function when an electron withdrawing chloride is added to the aromatic 
ring (eq 3.16) or if an electron donating methoxy group is substituted (eq 3.17).  
Additionally, this procedure will function for aliphatic side chains (eq 3.18) and nitrogen 
containing systems (eq 3.19). The nitrogen substrate required a slightly higher catalyst 
loading but compensated for that with a higher yield, possibly due to stability to purification.   
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61%
OPh
10 mol % 3.3
CH2Cl2
rt, 1 h
OPh dilute H2
70 °C
OPh
46%
OPh
10 mol % 3.3
CH2Cl2
rt, 2 h
OPh dilute H2
70 °C
OPh
54%
OPh
10 mol % 3.3
CH2Cl2
rt, 1 h
OPh dilute H2
70 °C
OPh
(eq 3.13)
(eq 3.14)
(eq 3.15)
3.57 3.58 3.59
3.60 3.61 3.62
3.63 3.64 3.65
58%
O O O
Cl Cl Cl
65%
O O O
MeO MeO MeO
3.66 3.67 3.68
3.69 3.70 3.71
10 mol % 3.3
CH2Cl2
rt, 1 h
10 mol % 3.3
CH2Cl2
rt, 1 h
dilute H2
70 °C
dilute H2
70 °C
(eq 3.16)
(eq 3.17)
60%
O O O
74%
N N N
Ts TsTs
10 mol % 3.3
CH2Cl2
rt, 1 h
15 mol % 3.3
CH2Cl2
rt, 1 h
dilute H2
70 °C
dilute H2
70 °C
3.72 3.73 3.74
3.75 3.76 3.77
(eq 3.18)
(eq 3.19)
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 One advantage of this chemistry is that different substrates will lead to the same final 
product.  In Scheme 29, both dienes 3.78 and 3.81 undergo RCM to form different dienes 
but then isomerize to form the same final product, enol ether 3.80, in similar yields. When 
the olefin is biased to form the trisubstituted enol ether such as diene 3.81, the final product 
remain enol ether 3.80. 
Scheme 29. Seven Membered Ring Isomerization 
 
 Calculations show that the lowest energy isomer for the seven membered rings 
should be trisubstituted enol ether 3.83 in Scheme 30; however, the actual final product is 
disubstituted enol ether 3.80.  The most likely explanation for this is that the catalyst is 
sterically encumbered and can not β-hydride abstract from that position.  To test whether 
the trisubstitued was formed even transiently, we synthesized an enantioenriched substrate 
which was submitted to isomerization conditions (eq 3.20).  The lack of erosion of the 
enantioenrichment is a strong indication that achiral planer intermediate 3.83 was not 
formed. 
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Scheme 30. Equivalent Seven-Membered Ring Pathway 
 
 
 
 Several experiments were performed to look for indications of the identity of the 
active catalytic species in this reaction.  Submission of catalyst 3.3 to reaction conditions in 
d2-methylene chloride did not result in any change in the proton or phosphorous spectra.  
Extensive overexposure of catalyst 3.3 to hydrogen gas did create a new phosphorous peak 
at 48 ppm as opposed to the normal 31 ppm for catalyst 3.3.  That procedure did not have a 
noticeable impact on the rate of reaction.  In all likelihood the active species of the catalyst is 
formed in very small quantities but is highly active catalyst.  The identity of that catalyst has 
so far escaped our identification. 
 In this section we have demonstrated a RCM/olefin isomerization procedure for the 
synthesis of cyclic enol ethers.  We then extended this reaction to five, six, and 
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seven-membered rings as well as both electron donating, electron withdrawing, aliphatic, 
aromatic and nitrogen containing compounds.  Lastly, we analyzed what the active catalyst 
might be. 
B. Allyl Alcohol Cross Metathesis/Allylic Alcohol Transposition 
 To extend the scope of the tandem metathesis/olefin isomerization methodology, 
allylic alcohols were submitted to reaction conditions.  In the previous project, the olefin was 
migrated to a new position but was still present in the final product.  If an olefin could 
isomerize into conjugation with an unprotected alcohol, saturated carbonyl compounds 
could be accessed by tautomerization (eq 3.21).   As mentioned in the introduction, various 
groups have worked on the metathesis of allylic alcohols.    
 
 The Hoye group found the unexpected formation of a methyl ketone while 
attempting to ring close a macrocycle in their attempt to synthesis callipeltoside A.69  They 
went on to study that side product in greater detail in a later publication and described what 
they believed to be the mechanism for the decomposition.69,84  Scheme 31 shows the 
dominant pathway of 3.94 to 3.96, which leads to the methyl ketone while allylic alcohol 
3.92 is the minor product.  This demonstrates the activity of the methyl ketone 
decomposition pathway.  Hoye and coworkers went on to show that the rate of RCM is 
                                                 
(84) Hoye, T. R.; Zhao, H. Org. Lett. 1999, 1, 1123. 
 
Chapter 3: Tandem Metathesis/ Olefin Isomerization 
  Page 207 
 
actually accelerated by the presence of allylic alcohols.   Other groups furthered this area of 
research by identifying additional side products.   
Scheme 31. Hoye Decomposition Pathway 
1.5 equiv 2.1
[Ru]
R
OH
[Ru]
R
OH
H
H
[Ru]
R
O
H
[Ru]=Cl2(Cy3P)2Ru
Me
Me
OH OH
Me
Me
Me
O
+
1:1.5
3.91
3.94 3.95 3.96
3.92 3.93
 
 Gurjar et al. while pursuing the dimerization of allylic alcohols by cross metathesis 
(CM) isolated ethyl ketones as their primary product when using catalytic quantities of 3.1 
(eq 3.4).70  Moreover when Gurjar and coworkers submitted their compound to 100 mol % 
3.1 they too found formation of the methyl ketone.  These contradictory results were 
explained by yet another group.   
 Werner et al. deconvoluted the operative pathway in allylic alcohol isomerization.85  
His group found that the Grubbs first generation catalyst 3.1 was initially exchanging with 
the terminal methylene of the allylic alcohol and reacting down a path substantially similar to 
the Hoye decomposition pathway in Scheme 31.  This portion of the pathway accounts for 
the formation of methyl ketone.  At ruthenium compound 3.100 of Scheme 32 the pathway 
                                                 
(85) Werner, H.; Grunwald, C.; Stuer, W.; Wolf, J. Organometallics 2003, 22, 1558. 
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branches in one of two directions depending on whether the allylic alcohol is a primary 
allylic alcohol or a secondary allylic alcohol.  If the reaction is a primary allylic alcohol the 
reaction undergoes a decomposition pathway by a CH insertion into the aldehyde proton to 
form hydride 3.101.  That complex then decomposes through a multistep process to 
carbonyl 3.103.  If, on the other hand, the secondary allylic alcohol is used in this pathway a 
catalytic cycle is entered which converts all of the remaining terminal olefin to the ethyl 
ketone.  On a macroscopic scale what is observed is one catalytic turnover to acetone 
followed by conversion of the remainder of the allylic alcohol to the ethyl ketone.    This 
pathway has been the most accurate explanation for the reactivity of the tandem allylic 
alcohol transposition chemistry.  
Scheme 32. Werner Decomposition Pathway 
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 To obtain high conversion of metathesis activity prior to deactivation, a double ring 
opening cross metathesis (ROCM) driven by the release of strain in a norbornene was 
employed.  Both sides of the olefin were crossed to prevent further activity under reaction 
conditions.  One of the first observations about this reaction was the hydrogen gas catalyst 
modifier was unnecessary.   We believe this is due to the Werner pathway.   Secondary side 
products were obtained from this reaction which were identified as the reduced aldehyde as 
well as γ-hydroxybutyrolactone and trace 1,4-dihydroxybutane.  The desired reaction did 
occur; however, the excess cis-butene-1,4-diol underwent a similar allylic alcohol 
transposition reaction to form the γ-hydroxylactol followed by a hydride transfer reaction to 
form the reduced aldehyde (eq 3.22).  Intriguingly, a metal complex isolated from the silica 
gel column exhibited a distinctive carbon monoxide band at 1941 cm-1 in the IR spectrum.  
This may indicate the ruthenium catalyst is following the Werner-type decomposition 
pathway outlined in Scheme 32 to form a second generation catalyst analygous to compound 
3.103.84,85,86  Although methods were explored to inhibit this side path, acceptable yields were 
not obtained.  To circumvent this problem an alternative diol was substituted that would 
lead to methyl ketones rather than aldehyde 3.109.  More importantly the side product of 
excess diol would not have a transferable hydride to reduce the side product. 
                                                 
(86) Moers, F. G.; Ten Hoedt, R. W. M.; Langhout, J. P. J.Organomet. Chem. 1974, 65, 93. 
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 Application of a similar reaction with hexenyl diol 3.111 substituted for cis-butene 
diol resulted in a suitable reaction for optimization (eq 2.23).  Initially, the reaction produced 
a mixture of the desired monomer 3.112 and higher oligimers including olefin 3.113.   
Optimization focused on reducing that undesired side path. 
 
 The first parameter to be optimized was the time period between complete 
consumption of the strained norbornene and warming of the reaction mixture to effect 
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isomerization.  We call this time period ‘catalyst modification time’.   This is vital to form 
what we believe to be a metal complex analogous to the Werner complex 3.104 from the 
active metathesis catalyst. Longer catalyst modification time prevents higher oligermerization 
due to heating a reaction mixture with active metathesis catalyst present and aids in the 
actual isomerization.  The optimal time for the combined metathesis and catalyst 
modification time was 4 h.    
 Other parameters that were optimized were the rate of slow addition, quantity of diol 
3.111, and the temperature of isomerization.  The rate of slow addition of a solution of the 
norbornene to a stirring solution of catalyst 3.3 and diol 3.111 was slowed to reduce dimer 
formation.  This, along with catalyst modification time, may indicate that the higher 
oligimers were both formed initially from the strained olefin and by secondary reactions of 
the ring opened product.  One way to further reduce the formation of dimer 3.113 is to 
increase the number of equivalents of diol 3.111 from 1.5 equivalents to 6 equivalents.  The 
last variable to optimize is the temperature of isomerization.  A higher temperature resulted 
in a higher yield and a faster reaction.   
 Both catalyst 3.3  and 3.4 show activity in this reaction as demonstrated in eq 3.24.  
catalyst 3.4 is capable of catalyzing this reaction at a much lower catalyst loading than 
catalyst 3.3.  Although this results in a slightly lower yield for methyl amide 3.108, the 
reduction of overall catalyst amount compensates for the reduced yield.  This system was 
extended to norbornene 3.115 to show the applicability of the reaction to ether tethered 
substrates (eq 3.24 and eq 3.25).  A carbon tethered substrate was also submitted to these 
conditions providing the desired product in 41% yield (eq 3.26).    
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3.115 3.116 3.117
3.118 3.119 3.120
(eq 3.24)
(eq 3.25)
(eq 3.26)
 
 Following completion of the ROCM/isomerization project, attention was turned to 
further expanding the scope of this reaction.  Extension of the allylic alcohol transposition 
work to the CM of terminal olefins would allow access to methyl ketones.  The initial hurtle 
to overcome is the CM of the allylic alcohol.   
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 Allylic alcohol CM has been hindered by the limits of the decomposition pathways 
outlined earlier.  We found that the CM of the previously introduced diol 3.111 and 
allylbenzene 3.121 proceeded in reasonable yield without complete conversion (eq 3.27).  To 
optimize the activity of this procedure, a gas chromatography (GC) experiment using an 
internal control was utilized.  Compensation for the calculated GC response factor was 
necessary to obtain the proper yields.  All yields in this section are calculated from that 
technique.  This allowed for quick optimization of this reaction with minimal overhead of 
isolation and purification.  It also meant the reaction could be monitored.   
 
 Screening of this reaction initially began with optimization of the catalyst loading. 
Under the conditions of (eq 3.27) different quantities of the Hoveyda-Grubbs’ catalyst 3.4 
were screened.  These data showed very little difference in conversion of allyl benzene 3.121 
over a factor of ten for catalyst loading.  This indicated that the cross metathesis reaction will 
occur with as little as 0.5 mole % catalysts loading.  Intriguingly, higher catalyst loading did 
not push the reaction to completion.  We believe this might be accountable to unidentified 
bimolecular catalyst decay.  The majority of the material that was not converted to the 
desired final product was converted to dimerized allyl benzene.  Since the primary suspect 
for decomposition of the catalyst was the Werner allylic alcohol decomposition pathway we 
chose to screen the number of equivalents of diol 3.111.  Also, experiments were performed 
to test whether a second portion of catalyst would push the reaction to completion.   
Although 0.5 mol % 3.4 resulted in 82% conversion in this case, an additional 0.5 mole % 
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added after 6 h only resulted in an additional 3% conversation of the allyl benzene.  This 
may be further indication of a bimolecular decay pathway. 
Table 1. Variation of Catalyst Loading in (eq 3.27) 
mol % Ru Conversion Yield 
0.5% 90% 75% 
1.0% 85% 71% 
3.0% 88% 69% 
5.0% 88% 62% 
 
 Screening of number of equivalents of diol 3.111 showed, surprisingly, that a greater 
excess of diol resulted in both a higher conversion and a higher yield.  It is expected that a 
higher number of equivalents of diol 3.111 resulted in less dimerization of the terminal 
olefin, but it was unanticipated that conversion was helped by the catalyst poisoning allylic 
alcohol.  The most likely explanation for this is the accelerating effect Hoye et al. reported 
for metathesis of the ring closure of allylic alcohols.84  
 
Table 2. Variation of number of equivalents of  diol 3.111 with 0.5 mol % 3.4 
Equivalents of 
diol 3.111 
Conversion Yield 
1 equiv. 67% 55% 
2 equiv. 78% 68% 
3 equiv. 84% 74% 
 
 Initial studies were performed on racemic diol 2.111 without the assumption that it 
would result in greater yields or higher conversion than the meso diol.  Screening did, 
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however, result in a significantly higher conversion and yield for the racemic substrate over 
the meso.  The most likely explanation for this is differences in the structures of the meso 
and racemic diols due to their internally hydrogen bond. 
 
 With completion of the optimization of the metathesis step, a crude analysis of the 
rate of this reaction was undertaken.  The reaction depicted in (eq 3.30) was sampled once 
per hour and the yield and conversion was calculated.  Some yields are higher than their 
associated conversion due to the error limitations of this analysis method.  Clearly this is an 
extremely fast CM with a high initiation rate.  Additionally, the plateau of conversion after 
1 h may be explained by allyl benzene dimer reentering the catalytic cycle and being 
converted to the desired allyic alcohol 3.122.   
 
Table 3. Rate of Cross Metathesis 
Time Conversion Yield 
~5 min 52% 54% 
1 h 87% 79% 
2 h 87% 87% 
3 h 87% 88% 
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 With the CM thoroughly optimized and understood, the isomerization conditions 
were then explored.  Optimization of the tandem CM/isomerization was done without first 
optimizing the isolated isomerization step.  This was done because although tandem 
processes can be approximated as two independent steps, this is not truly the case.  In the 
end, the overall tandem process is always optimized as if it were a single step process even if 
an intermediate optimization of the second step is performed.    
 The initially optimized variable in the overall tandem process is the temperature at 
which the isomerization takes place.  The highest yield was obtained for 200 °C.  Lower 
temperatures gave reduced yields.   
Ph
OH
Me
Ph
+ 3 equiv ( ) 3.111
0.5 mol % 3.4
rt, CH2Cl2,
2 h
O
Me
Ph
7 h
temperature
(eq 3.31)
3.121 3.122 3.123
Table 4. Analysis of Temperature of  Isomerization 
Temperature Yield 
100 °C 63% 
150 °C 60% 
200 °C 68% 
 
 The last variable to be investigated in this pathway is the catalyst modification time 
between addition of all reagents and heating the system to reaction temperature.  As noted 
earlier, the metathesis reaction was complete within 2 h at room temperature.  Contrary to 
this, the best results were obtained when the reaction was immediately heated to 200 °C.  
This suggests that the CM occurs as the temperature is being elevated.  Shorter times are 
better, in contrast to the ROCM/isomerization where a longer catalyst modification time 
gives higher yield.  Lack of a polymerization side pathway in CM reactions may explain this.   
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Table 5. Metathesis Time 
Time Yield 
0 h 74% 
1 h 66% 
2 h 60% 
3 h 41% 
 
 The final GC experiment was to measure the conversion of this transformation to 
determine where material was lost.  In previous examples the yields were absolute yields, not 
based on conversion of the previous step.  For clarity, all yields in Scheme 33 are based on 
the conversion and yield of the previous step.  This indicates that the majority of material is 
lost as olefin dimer or unreacted olefin.  Future improvements should be directed at 
improving the CM reaction.   
Scheme 33. Overall Convesion and Yield of the Tandem Process 
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 To analyze the scope of this reaction, various substrates were subjected to reaction 
conditions.  The scope of this reaction functions for substrates with alternative functionality 
that the olefin can coordinate to (eq 3.33, 3.34, and 3.35).  At the completion of reaction 
time, no olefin remained.  If the reaction is stopped early, isomers of 3.122 and 3.128 were 
detected where the olefin is in conjugation with the aromatic ring or ether. In these cases the 
highest yield was obtained when the reaction mixture was warmed immediately.   
 
 This reaction also functioned for substrates in which a long methylene chain is 
present  (eq 3.36 and 3.37).  In the case of 3.130, a higher catalyst loading was required to 
push the reaction to completion.  If 0.5 mol % catalyst was used, various olefin isomers 
would be isolated.  In these cases the highest yields were obtained after stirring at room 
temperature for 1 h.  This contradicts our previous study but can be explained in that other 
coordination sites on the substrate may slow the metathesis.   
Chapter 3: Tandem Metathesis/ Olefin Isomerization 
  Page 219 
 
 
 More sterically encumbered olefins are also reactive in this transformation (eq 2.38 
and 2.39).  In these cases, their steric bulk slow metathesis even further and result in 2 h at 
room temperature being optimal for the highest yield.   
 
 We have demonstrated two distinct metathesis olefin isomerization projects.  The 
first constructs enol ethers from dienes and the second forms saturated ketones from either 
strained olefins or terminal olefins.  These reactions greatly expand the synthetic power of  
olefin metathesis.
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C. Chapter 3 Experimental Procedures 
General 
 Starting materials and reagents were purchased from commercial suppliers and used 
without further purification except the following: tetrahydrofuran and dichloromethane were 
dried on alumina columns using a solvent dispensing system;87 pentane, hexanes and Et2O 
used in chromatography were distilled prior to use. Acetonitrile was distilled from CaH2. All 
reactions were conducted in oven (135 °C) or flame-dried glassware under an inert 
atmosphere of dry nitrogen. K2CO3 was purchased from Fisher and was oven dried (140 °C) 
before use. Catalysts 3.3 and 3.4 were obtained from Materia were both purified by silica gel 
chromatography (5:1 hexanes:Et2O) to isolate the intensely colored band (cranberry red for 
catalyst 1 and dark green for catalyst 2) 
 Cis-butene diol was obtained from Avocado and used following distillation. Allyl 
benzene 3.121 was purchased from Acros and used following distillation, olefin 3.124 was 
purchased from TCI and used following distillation, olefins 3.127 and 3.139 were both 
purchased from Aldrich and used following distillation. Compounds 3.13088 and 3.13689 were 
synthesized by known procedures and were identified through comparison to the literature. 
γ-hydroxybutyrolactone90 was isolated as a byproduct and identified through comparison 
with the literature. Norbornenes 3.10891, 3.11592, 3.11893 were synthesized by known 
                                                 
(87) Pangborn, A.B.; Giardello, M.A.; Grubbs, R.H.; Rosen, R.K.; Timmers, F.J. Organometallics 1996, 
15, 1518. 
(88) Solange, A. Bio. Med. Chem. Lett. 1992, 2, 53. 
(89) Wilkinson, C. J.; Frost, E. J.; Staunton, J. ; Leadlay, P. F. Chem. Biol. 2001, 8, 1197. 
(90) Pretsch, E.; Clerc, T.; Seibl, J.; Simon, W. Tables of Spectral Data for Structure Determination of 
Organic Compounds, 2nd ed.; Springer-Verlag: Berlin, 1989. 
(91) Hillmyer, M. A.; Lepettit, C. ; McGrath, D. V.; Novak, B. M.; Grubbs, R. H. Macromolecules 1992, 25, 
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procedures. Products 3.12394, 3.12695, 3.13296, 3.12997, 3.14198 matched their published 
spectra. 
 Infrared (IR) spectra were recorded on a Nicolet Avatar 360 spectrophotometer, νmax 
cm-1. Bands are characterized as broad (br), strong (s), medium (m) and weak (w). 1H NMR 
spectra were recorded on a Varian Unity 300 (300 MHz),Varian Gemini 400 (400 MHz) or 
Varian Gemini 500 (500 MHz). Chemical shifts are reported with the solvent as the internal 
standard (CHCl3 δ 7.26 ppm, C6H6 δ 7.16 ppm). Data are reported as follows: chemical shift, 
integration, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br = broad, m = 
multiplet), and coupling constants (Hz). 13C NMR spectra were recorded on a Varian Gemini 
400 (100 MHz) or Varian Gemini 500 (125 MHz) with complete proton decoupling. 
Chemical shifts are reported in ppm with the solvent as an internal reference (CDCl3 δ 77.2 
ppm, C6H6 δ 128.3 ppm). 31P NMR spectra were recorded on a Varian Gemini 400 (162 
MHz) with complete proton decoupling. Chemical shifts are reported in ppm with 85% 
H3PO4 as an external reference (δ 0.0 ppm). A Hewlett Packard HP 6890 Series II Gas 
Chromatograph was used for all reactions monitored by GC utilizing an HP-5 Cross-Linked 
5% PhenylMethyl Silicone column. Enantiomeric ratios were determined by chiral GC 
utilizing either a Beta Dex 120 (30 m x 0.25 mm x 0.25 μM film thickness) or Gamma Dex 
                                                                                                                                                 
3345. 
(92) Takao, K. I.; Yassui, H.; Yamamoto, S.; Sasaki, D.; Kawasaki, S.; Watanabi, G.; Tadano, K. I. J. Org. 
Chem. 2004, 69, 8789. 
(93) Kometani, T.; Fitz, T. ; Watt, D. Tetrahedron Lett. 1986, 27, 919. 
(94) Hattori, K.; Sajiki, H.: Hirota, K. Tetrahedron 2001, 57, 4817. 
(95) Louie, J.; Bielawski, C. W.; Grubbs, R. H. J. Am. Chem. Soc. 2001, 123, 11312. 
(96) Lee, C. H.; Lee, J. S.; Na, H. K.; Yoon, D. W.; Miyaji, H.; Cho, W. S.; Sessler, J. L. J. Org. Chem. 2005,70, 
2067. 
(97) Jiang, J. B.; Urbanski, M. J.; Hajos, Z. G. J. Org. Chem. 1983, 48, 2001. 
(98) Zhu, S.; Cohen, T. Tetrahedron 1997, 53, 17607. 
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120 (30 m x 0.25 mm x 0.25 μM film thickness) columns by Supelco. Elemental Analysis 
were performed by Robertson Microlit Laboratories, Inc., Madison, NJ and are reported in 
percent abundance. 
 Data were collected using a Bruker APEX CCD (charged coupled device) based 
diffractometer equipped with an LT-2 low temperature apparatus operating at 193 K. A 
suitable crystal was chosen and mounted on a glass fiber using grease. Data were measured 
using omega scans of 0.3° per frame for 30 seconds, such that a hemisphere was collected. A 
total of 1305 frames were collected with a maximum resolution of 0.90 Å. Cell parameters 
were retrieved using SMART99 software and refined using SAINT on all observed 
reflections. Data reduction was performed using the SAINT software,100 which corrects for 
Lp and decay. Absorption corrections were applied using SADABS supplied by George 
Sheldrick. The structures ware solved by the direct method using theSHELXS-97101  
program and refined by least squares method on F2, SHELXL-97,102 incorporated in 
SHELXTL-PC V 6.10.103 All non-hydrogen atoms are refined anisotropically. Hydrogens 
were calculated by geometrical methods and refined as a riding model. The crystal used for 
the diffraction study showed no decomposition during data collection. All drawings are done 
at 30 % ellipsoids. 
                                                 
(99) SMART V5.626 (NT) Software for the CCD Detector Systems; Bruker Analytical X-ray Systems, 
Madison, WI (2001) 
(100) SAINT V 5.01 (NT) Software for the CCD Detector Systems; Bruker Analytical X-ray Systems, 
Madison, WI (2001). 
(101) Sheldrick, G. M. SHELXS-90, Program for the Solution of Crystal Structure, University of Göttingen, 
Germany, 1990. 
(102) Sheldrick, G. M. SHELXL-97, Program for the Refinement of Crystal Structure, University of 
Göttingen, Germany, 1997. 
(103) SHELXTL 6.0 (PC-Version), Program Library for Structure Solution and Molecular Graphics; Bruker 
Analytical X-ray Systems, Madison, WI (1998). 
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General Etherification Procedure to Synthesize Dienes 
 
 An excess of 60% sodium hydride (NaH) in mineral oil was added to a flame-dried 
flask. A solution of the alcohol in tetrahydrofuran was slowly added to the NaH. The 
resultant suspension was stirred for 1-2 hours at room temperature. The alkyl bromide was 
added, and the reaction was stirred at room temperature until complete conversion of the 
alcohol to the desired diene. In some cases addition of 0.5-2.0 mL of anhydrous 
dimethylformamide was found to facilitate complete conversion of the alcohol to diene. The 
reaction suspension was chilled in an ice bath, and the excess NaH was quenched with 
saturated aqueous ammonium chloride. The reaction mixture was partitioned between Et2O 
and H2O. The aqueous layer was extracted with Et2O (3x). The combined organics were 
washed with H2O and brine, dried over MgSO4 and concentrated. The crude dienes were 
purified by silica gel (EM Science Silica Gel 60 Geduran 35-75 μM) chromatography. 
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General RCM-Isomerization Procedure for 6-Membered Ring Systems 
 
 Purified Grubbs’ catalyst 3.3 was weighed into an oven-dried pyrolysis tube inside a 
N2 atmosphere glovebox. The tube was capped with a septum, the edges sealed with 
electrical tape, and removed from the glovebox. The reaction vessel was put under positive 
N2 pressure and dichloromethane was added via syringe. A solution of the diene in 
dichloromethane was added via syringe pump over 1 h yielding a final reaction concentration 
of 0.05 M. Upon complete addition a mixture of 95:5 N2:H2 was bubbled vigorously through 
the solution, and the septum was replaced by teflon screw-cap. The sealed reaction vessel 
was heated to 65-70 °C for 6-24 (generally 8-12) hours. The reaction solution was absorbed 
on alumina (FisherBrand Alumina Adsorption Chromatography Grade 80-200 mesh) and 
purified by alumina chromatography. 
 
General RCM-Isomerization Procedure for 7-Membered Ring Systems 
 
 Purified Grubbs’ catalyst 3.3 was weighed into an oven-dried pyrolysis tube inside a 
N2 atmosphere glovebox. The tube was capped with a septum, the edges sealed with 
electrical tape, and removed from the glovebox. The reaction vessel was put under positive 
N2 pressure and dichloromethane was added via syringe. A solution of the diene in 
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dichloromethane was added via syringe pump over 1 h yielding a final reaction concentration 
of 0.03 M. Upon complete addition a mixture of 95:5 N2:H2 was bubbled vigorously through 
the solution and the septum was replaced by teflon screw-cap. The sealed reaction vessel was 
heated to 65-70 °C for 6-8 h. The reaction solution was absorbed on alumina (FisherBrand 
Alumina Adsorption Chromatography Grade 80-200 mesh) and purified by alumina 
chromatography. 
 
General RCM-Isomerization Procedure for 5-Membered Ring Systems 
 
 Purified Grubbs’ catalyst 3.3 was weighed into an oven-dried pyrolysis tube inside a 
N2 atmosphere glovebox. The tube was capped with a septum, the edges sealed with 
electrical tape, and removed from the glovebox. The reaction vessel was put under positive 
N2 pressure and dichloromethane was added via syringe. A solution of the diene in 
dichloromethane was added via syringe pump over 2 h yielding a final reaction concentration 
of 0.05 M. Upon complete addition a mixture of 95:5 N2:H2 was vigorously bubbled through 
the solution and the septum was replaced by teflon screw-cap. The sealed reaction vessel was 
heated to 45-50 °C for 6-8 h. The reaction solution was absorbed on alumina (FisherBrand 
Alumina Adsorption Chromatography Grade 80-200 mesh) and purified by alumina 
chromatography. 
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General Ring Opening Cross Metathesis-Isomerization procedure 
 
 Inside a N2 dry box, diol 3.111 (70 mg, 0.6 mmol) was weighed into an oven dried 
pyrolysis tube containing a stir bar. The pyrolysis tube was caped with a septum, and the 
edges were sealed with black electrical tape. The pyrolysis tube was removed from the dry 
box and a solution of catalyst 3.3 (0.6 mg, 1 μmol) or catalyst 3.4 (17 mg, 0.02 mmol) in 
methylene chloride (1 mL), made as a stock solution, was added by syringe at once. The 
mixture was stirred until all of the solid had dissolved (approx. 20 min). The norbornene 
dissolved in methylene chloride (2 mL) was then added over 3 h. The reaction was then 
stirred for an additional 1 h. The rubber septum was then replaced with a Teflon screw cap, 
and the reaction was heated to 200 °C for 8.5 h. The solvent was removed under vacuum, 
and the product mixture was purified by silica gel chromatography. 
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General Cross Metathesis-Isomerization procedure 
 
 Inside a N2 dry box, diol 3.111 was weighed into a pyrolysis tube containing a stir bar. 
The reaction vessel was capped with a septum and the edges were sealed with black electrical 
tape. The tube was removed from the dry box and a solution of ruthenium catalyst 3.3 in 
CH2Cl2 was added by syringe at once. Within a few seconds the terminal olefin was then 
added by syringe either neat or in CH2Cl2. The reaction was then stirred for the given 
metathesis time. The rubber septum was then replaced with a Teflon screw cap, and the 
pyrolysis tube was heated to 200 °C. The solvent was removed under vacuum and the 
product mixture was purified by silica gel chromatography. 
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2-(4-chlorophenyl)-3,4-dihydro-2H-Pyran (3.68) 
 
 
 General RCM-Isomerization procedure for 6-membered ring systems was followed 
with diene 3.66 (50.6 mg, 0.23 mmol) in dichloromethane (1.0 mL), catalyst 3.3 (19.0 mg, 
0.023 mmol), dichloromethane (3.5 mL), 95:5 N2:H2 (t = 3 min). The reaction mixture was 
stirred at 65-70 °C for 20 h. Alumina chromatography (100% pentane to 95:5 pentane:Et2O) 
afforded the enol ether 3.68 (25.0 mg, 0.13 mmol, 57% yield) as a colorless oil. 
 
1H NMR (C6D6, 400 MHz) δ 7.11 (2H, dt, J = 8.4, 2.4 Hz), 6.93 (2H, dt, J = 8.4, 2.4 
Hz), 6.48 (2H, d, J = 6.0 Hz), 4.60 (1H, ddd, J = 10.8, 6.0, 2.8 Hz), 4.50 (1H, dd, J = 
6.4, 6.4 Hz), 1.91-1.81 (1H, m), 1.71-1.62 (1H, m) 1.60-1.55 (2H, m) 
 
13C NMR (C6D6,100 MHz) δ 144.6, 141.4, 133.8, 129.0, 127.9, 101.1, 76.7, 31.1, 20.0. 
 
IR (neat): 3062 (w), 2936 (s), 2867 (m), 1727(m), 1690 (w), 1645 (w), 1495 (s), 1243 (m), 
1086 (s), 1060 (s), 1010 (s), 806(w) cm-1 
 
Anal. calcd for C11H11ClO: C, 67.87; H, 5.70. Found C, 68.17; H, 5.54. 
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N-allyl-4-methyl-N-(1-phenylbut-3-enyl)benzenesulfonamide (3.75) 
 
 
 Allyl bromide (35.0 μL, 0.39 mmol) was added to a stirring mixture of tosylamide B 
(100.0 mg, 0.33 mmol) and K2CO3 (250.0 mg, 1.78 mmol) in dry acetonitrile (3.3 mL). The 
mixture was refluxed for 7 h and judged complete by TLC. The reaction mixture was diluted 
with brine (5 mL) and extracted with CH2Cl2 (3 x 3 mL). Drying with MgSO4 
followed by silica gel chromatography (3:2, hexanes:Et2O) yielded the desired diene 3.77 as a 
colorless oil (99.0 mg, 0.29 mmol, 88% yield). 
 
1H NMR (C6D6, 500 MHz) δ 7.70 (2H, d, J = 8.0 Hz), 7.15 (2H, d, J = 7.0 Hz), 7.03-6.90 
(3H, m), 6.73 (2H, d, J = 8.0 Hz), 5.64- 5.53 (2H, m), 5.27 (1H, t, J = 5.0 Hz), 4.93 (1H, dt, J 
= 17.0, 2.0 Hz), 4.86-4.79 (2H, m), 4.73 (1H, dd, J = 10.0, 1.5 Hz), 3.75 (1H, dd, J = 17.0, 
5.5 Hz), 3.50 (1H, dd, J = 16.0, 1.5 Hz), 2.61 (1H, ddd, J = 15.0, 7.5, 7.5 Hz), 2.53 (1H, ddd, 
J = 14.0, 7.0, 7.0 Hz), 1.87 (3H, s). 
 
13C NMR (CDCl3, 100 MHz) δ 143.0, 138.4, 137.8, 135.7, 134.6, 129.4, 128.6, 128.3, 127.8, 
127.3, 117.6, 117.0, 60.7, 47.2. 38.5, 21.7. 
 
IR (neat): 3068 (m), 3030 (m), 2974 (m), 2917 (m), 2854 (w), 1639 (m), 1595 (m), 1501 (m), 
1457 (s), 1337 (s), 1161 (s), 1086 (s), 1048 (m), 1010 (m), 916 (s), 815 (m), 777 (s), 746 (m), 
707 (s), 658 (s), 613 (m) cm-1 
 
Anal. calcd for C20H23NO2S C, 70.35; H, 6.79; N, 4.10. Found C, 70.35; H, 6.92; N, 4.17. 
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1,2,3,4-tetrahydro-1-[(4-methylphenyl)sulfonyl]-2-phenyl-Pyridine (3.77) 
74%
N N N
Ts TsTs
15 mol % 3.3
CH2Cl2
rt, 1 h
dilute H2
70 °C
3.75 3.76 3.77  
 
 Catalyst 3.3 (19.0 mg, 0.023 mmol) was weighed into an oven-dried pyrolysis tube 
inside a N2 atmosphere glovebox. The tube was capped with a septum, the edges sealed with 
electrical tape, and removed from the glovebox. The reaction vessel was put under positive 
N2 pressure and dichloromethane (2.0 mL) was added by syringe. A solution of diene 3.75 
(51.0 mg, 0.015 mmol) in dichloromethane (1.0 mL) was added with a syringe pump over 1 h 
(final reaction concentration of 0.05 M). Fifteen minutes after the addition was completed a 
mixture of 95:5 N2:H2 was bubbled vigorously through the solution for 4 min, and the 
septum was replaced by PTFE screw-cap. The sealed reaction vessel was heated to 65-70 °C 
for 13 h. The reaction mixture was concentrated and purified by silica gel chromatography 
(0.5% triethylamine in 7:3 benzene:hexanes) to yield enamine 3.77 as a white solid (34.0 mg, 
0.10 mmol, 74% yield). 
 
1H NMR (CDCl3, 500 MHz) δ 7.65 (2H, d, J = 8.5 Hz), 7.27-7.21 (7H, m), 6.92 (1H, d, J = 
8.0 Hz), 5.19 (1H, s), 5.06 (1H, t, J = 7.0 Hz), 2.43 (3H, s), 1.93 (1H, br d, J = 13.5 Hz), 1.80 
(1H, dt, J = 18.0, 5.0 Hz), 1.66-1.59 (1H, m ), 1.45 (1H, tt, J = 12.5, 5.0 Hz). 
 
13C NMR (C6D6, 100 MHz) δ 143.2, 141.0, 137.7, 129.9, 128.8, 127.6, 127.4, 126.6, 125.5, 
108.4, 56.6, 26.8, 21.6, 17.6. 
 
IR (neat): 3093 (w), 3062 (w), 3033 (w), 2923 (w), 2841 (w), 1646 (m), 1595 (w), 1495 (m), 
1406 (m), 1344 (s), 1167 (s), 1098 (m), 1010 (w), 941 (m), 828 (m), 689 (s) cm-1 
 
Anal. calcd for C18H19NO2S: C, 68.98; H, 6.11; N, 4.47. Found C, 69.31; H, 6.40; N, 4.39. 
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(1-(pent-4-enyloxy)allyl)benzene (3.81) 
 
 The general etherification procedure to synthesize dienes was followed was followed 
with allylic alcohol A (298 mg, 2.22 mmol), 60% NaH (180 mg), 5-bromo-1-pentene (1.0 
mL, 8.5 mmol, 3.9 equiv) in tetrahydrofuran (10 mL) and dimethylformamide (1.5 mL). The 
reaction mixture was allowed to stir for 6 h at 22 °C. Silica gel chromatography (50:1 
pentane:Et2O) afforded diene 3.81 as a colorless oil (298 mg, 67% yield). 
 
1H NMR (CDCl3, 400 MHz) 7.35 (m, 4H), 7.29 (m, 1H), 5.95 (1H, ddd, J = 10.4, 6.8, 3.6 
Hz), 5.82 (1H, ddt, J = 10.4, 6.8, 2.8 Hz), 5.26 (1H, d, J = 17.2 Hz), 5.19 (1H, d, J = 10.4 
Hz), 5.02 (1H, d, J = 17.2 Hz), 4.95 (1H, d, J = 10.4 Hz), 4.73 (1H, d, J = 6.8 Hz), 3.49 (1H, 
dt, J = 9.2, 6.8 Hz), 3.40 (1H, dt, J = 9.2, 6.8 Hz), 2.15 (2H, q, J = 7.6 Hz), 1.72 (2H, qi, J = 
6.8 Hz). 
 
13C NMR (CDCl3, 100 MHz) 141.4, 139.3, 138.4, 128.5, 127.6, 126.8, 116.1, 114.8, 83.2, 
68.2, 30.7, 29.4. 
 
IR (neat): 3074 (w), 3027 (w), 2945 (s), 2853 (s), 1644 (m), 1443 (m), 1098 (s) cm-1. 
 
Anal calcd for C14H19O: C, 83.12; H, 8.97. Found C, 83.40; H, 8.69. 
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(±)-3,3'-((1R*,3S*,3aR*,6aS*)-5-methyl-4,6-dioxohexahydro-1H-furo[3,4-c]pyrrole-1,3-
diyl)dipropanal (3.109) 
 
 Inside a N2 atmosphere glovebox, cis-butene-diol (75 μL, 80 mg, 0.45 mmol), and 
olefin 3.108 (25.8 mg, 0.15 mmol) was weighed into an oven-dried pyrolysis tube. Catalyst 
3.3 (13.0 mg, 0.015 mmol) was weighed into a separate vial with a septum top. The tube and 
vial, were capped with a septum, the edges were sealed with electrical tape, and removed 
from the glovebox. The reaction vessel and vial were put under positive N2 pressure and 
CH2Cl2 (3 mL) was added to the pyrolysis tube by syringe. CH2Cl2 (2 mL) was added to the 
vial and that solution was transferred into the pyrolysis tube by syringe. The reaction was 
allowed to stir at room temp for 6 hrs. The septum was replaced by Teflon screwcap, and 
the sealed reaction vessel was heated to 70 °C for 18 h. The reaction mixture was 
concentrated and purified by silica gel chromatography 0.5 % triethylamine in 60 % ethyl 
acetate/hexanes to yield bis-aldehyde 3.109 as a colorless oil (17.3 mg, 30 % yield). 
 
1H NMR (CDCl3, 400 MHz) δ 9.78 (2H, t, J = 1.2 Hz), 3.83-3.78 (2H, m), 3.10 (2H, dd, 
J = 4.8, 2.0 Hz), 2.95 (3H, s), 2.73-2.59 (4H, m), 2.19-2.10 (2H, m), 2.09-2.00 (2H, m) 
 
13C NMR (C6D6, 100 MHz) δ 200.7, 175.6, 80.4, 52.3, 39.9, 27.3, 25.1. 
 
IR (neat): 2930 (w), 2854 (w), 2734 (w), 1784 (w), 1709 (s), 1438 (w), 1388 (w), 1287 (w), 
1130 (w), 1086 (w), 1010 (w), 960 (w). 
 
Anal. calcd for C13H17NO5: C, 58.42;H, 6.41; N, 5.24. Found C, 58.35; H, 6.21; N, 5.19. 
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(d,l,Z)-hex-3-ene-2,5-diol (3.111) 
HO OH
MeMe Me
OHOH
Me Me
OHOH
Me
Lindlar's Cat.
quinoline
CHCl3 hexane
3.111C ( ) + meso-3.111
 
 A modified version of Makrandi’s104 procedure was used on a commercially available 
mixture of d,l and meso-cis-3-hexyne-2,5-diol C.  Following reduction, the mixture was 
submitted to crystallization to obtain pure d,l diol 3.111.  Hydrogen gas was actively bubbled 
through a stirring solution of the mixed acetylene (17.9 mL, 18.3 g, 1.0 mmol), Lindlar’s 
catalyst (448 mg), quinine (12 drops), and ethyl acetate (400 mL).  After 6 hrs the reduction 
was judged compleate by TLC. The reaction was filtered through a plug of celite (3 cm x 1 
cm) and the solvent was removed under vacuum.   Following the reduction, a mixture of the 
meso and d,l was obtained (1:1.4 d,l:meso determined by H1-NMR).  The oil obtained was 
dissolved in chloroform (100 mL) and hexane (50 mL) and placed in a -20˚C freezer 
overnight.  The solid was collected and recrystallized from chloroform (50 mL) to obtain the 
d,l-product 3.111 (4.2 g, 36 mmol, 23 % yield) one diasteromer by H1-NMR. 
 
mp 82-85 °C, lit 85-87 °C 
                                                 
(104) Makrand, J. K.; Kumari, V. Syn Com 1990, 20, 1885. 
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(±)-(1R*,3S*,3aR*,6aS*)-5-methyl-1,3-bis(3-oxobutyl)dihydro-1H-furo[3,4-c]pyrrole-
4,6(5H,6aH)-dione (3.112) 
 
 
 The general ROCM-isomerization sequence was followed for norbornene 3.108 
(34.6 mg, 0.19 mmol) using catalyst 3.3 (17 mg, 0.02 mmol).  The reaction mixture was 
purified on silica gel (2 cm x 10 cm).  The column was washed with 1 % triethyl amine in 
ethyl acetate and TEA was washed away with ethyl acetate.  The column was then run in 33 
% ethyl acetate in hexane to 100 % ethyl acetate to afford product 3.112 (40.8 mg, 0.14 
mmol, 71 % yield) as a beige solid.  
 
1H NMR (CDCl3, 400 MHz) δ3.75 (2H, tdd, J = 6.9, 4.9, 2.2 Hz), 3.08 (2H, dd, J = 4.9, 2.1 
Hz), 2.95 (3H, s), 2.73-2.56 (4H, m), 2.17 (6H, s), 2.03 (4H, tq, J = 14.0, 6.5 Hz). 
 
13C NMR (CDCl3, 100 MHz) δ 207.4, 176.1, 80.6, 52.6, 39.5, 30.3, 29.0, 25.2. 
 
IR(Neat): 2957 (w), 1704 (s), 1435 (w), 1366 (w), 1285 (w), 1131 (w), 974 (w), 748 (w), 697 
(w) cm-1. 
 
HRMS(EI, M+): Found 295.1417, calcd for C15H21NO5 295.1420. 
 
MP: 78-81˚ C. 
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  Table 1.  Crystal data and structure refinement for bs01t. 
Identification code  bs01t 
Empirical formula  C15 H21 N O5 
Formula weight  295.33 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 7.9427(11) Å = 79.115(3)°. 
 b = 8.1011(11) Å = 82.181(3)°. 
 c = 13.0487(17) Å  = 64.753(2)°. 
Volume 744.29(17) Å3 
Z 2 
Density (calculated) 1.318 Mg/m3 
Absorption coefficient 0.099 mm-1 
F(000) 316 
Crystal size 0.40 x 0.38 x 0.30 mm3 
Theta range for data collection 1.59 to 28.33°. 
Index ranges -10<=h<=9, -10<=k<=10, -13<=l<=17 
Reflections collected 5583 
Independent reflections 3681 [R(int) = 0.0462] 
Completeness to theta = 28.33° 98.8 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3681 / 0 / 190 
Goodness-of-fit on F2 1.028 
Final R indices [I>2sigma(I)] R1 = 0.0573, wR2 = 0.1654 
R indices (all data) R1 = 0.0655, wR2 = 0.1753 
Largest diff. peak and hole 0.653 and -0.387 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 
(Å2x 103) 
for bs01t.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________
________  
 x y z U(eq) 
________________________________________________________________________
________   
O(1) 9490(2) 3112(1) 2737(1) 26(1) 
N(1) 10689(2) 7697(2) 1992(1) 26(1) 
O(2) 9147(2) 8021(2) 553(1) 38(1) 
O(3) 12088(2) 6595(2) 3550(1) 37(1) 
O(4) 3702(2) 4539(2) 1084(1) 38(1) 
O(5) 12971(2) 254(2) 6037(1) 47(1) 
C(8) 10978(2) 6670(2) 2976(1) 26(1) 
C(10) 10751(2) 3570(2) 3187(1) 23(1) 
C(11) 11202(2) 2502(2) 4266(1) 25(1) 
C(7) 9463(2) 7425(2) 1458(1) 26(1) 
C(5) 8746(2) 4524(2) 1862(1) 24(1) 
C(9) 9716(2) 5666(2) 3176(1) 24(1) 
C(4) 6878(2) 4641(2) 1640(1) 27(1) 
C(12) 12274(2) 436(2) 4290(1) 30(1) 
C(6) 8588(2) 6303(2) 2213(1) 24(1) 
C(3) 6915(2) 2856(2) 1409(1) 28(1) 
C(13) 13088(2) -564(2) 5323(1) 30(1) 
C(2) 5026(2) 3061(2) 1180(1) 27(1) 
C(14) 14072(3) -2622(2) 5420(2) 40(1) 
C(1) 4828(3) 1333(3) 1089(2) 42(1) 
C(15) 11745(3) 8770(2) 1535(1) 34(1) 
________________________________________________________________________
________ 
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 Table 3.   Bond lengths [Å] and angles [°] for  bs01t. 
_____________________________________________________  
O(1)-C(10)  1.4304(17) 
O(1)-C(5)  1.4401(17) 
N(1)-C(8)  1.3804(19) 
N(1)-C(7)  1.382(2) 
N(1)-C(15)  1.451(2) 
O(2)-C(7)  1.205(2) 
O(3)-C(8)  1.208(2) 
O(4)-C(2)  1.208(2) 
O(5)-C(13)  1.214(2) 
C(8)-C(9)  1.509(2) 
C(10)-C(11)  1.507(2) 
C(10)-C(9)  1.537(2) 
C(11)-C(12)  1.516(2) 
C(7)-C(6)  1.514(2) 
C(5)-C(4)  1.511(2) 
C(5)-C(6)  1.542(2) 
C(9)-C(6)  1.522(2) 
C(4)-C(3)  1.519(2) 
C(12)-C(13)  1.506(2) 
C(3)-C(2)  1.503(2) 
C(13)-C(14)  1.498(2) 
C(2)-C(1)  1.502(2) 
 
C(10)-O(1)-C(5) 106.86(11) 
C(8)-N(1)-C(7) 113.01(12) 
C(8)-N(1)-C(15) 122.53(13) 
C(7)-N(1)-C(15) 124.07(13) 
O(3)-C(8)-N(1) 124.32(14) 
O(3)-C(8)-C(9) 127.37(14) 
N(1)-C(8)-C(9) 108.30(13) 
O(1)-C(10)-C(11) 111.06(12) 
O(1)-C(10)-C(9) 103.49(11) 
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C(11)-C(10)-C(9) 113.56(12) 
C(10)-C(11)-C(12) 114.35(13) 
O(2)-C(7)-N(1) 124.78(14) 
O(2)-C(7)-C(6) 127.17(15) 
N(1)-C(7)-C(6) 108.03(13) 
O(1)-C(5)-C(4) 109.82(12) 
O(1)-C(5)-C(6) 104.30(11) 
C(4)-C(5)-C(6) 112.33(12) 
C(8)-C(9)-C(6) 105.07(12) 
C(8)-C(9)-C(10) 113.98(12) 
C(6)-C(9)-C(10) 103.33(11) 
C(5)-C(4)-C(3) 114.64(13) 
C(13)-C(12)-C(11) 113.76(14) 
C(7)-C(6)-C(9) 104.57(12) 
C(7)-C(6)-C(5) 115.93(13) 
C(9)-C(6)-C(5) 105.53(11) 
C(2)-C(3)-C(4) 112.30(13) 
O(5)-C(13)-C(14) 121.58(15) 
O(5)-C(13)-C(12) 121.90(15) 
C(14)-C(13)-C(12) 116.52(15) 
O(4)-C(2)-C(1) 120.58(15) 
O(4)-C(2)-C(3) 122.25(14) 
C(1)-C(2)-C(3) 117.16(15) 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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 Table 4.   Anisotropic displacement parameters  (Å2x 103) for bs01t.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
________________________________________________________________________
______  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________
______  
O(1) 30(1)  22(1) 28(1)  1(1) -11(1)  -12(1) 
N(1) 28(1)  21(1) 29(1)  0(1) -3(1)  -12(1) 
O(2) 49(1)  36(1) 31(1)  9(1) -13(1)  -21(1) 
O(3) 45(1)  37(1) 38(1)  0(1) -16(1)  -24(1) 
O(4) 28(1)  34(1) 52(1)  -9(1) -6(1)  -11(1) 
O(5) 64(1)  39(1) 32(1)  2(1) -18(1)  -15(1) 
C(8) 31(1)  21(1) 27(1)  -4(1) -3(1)  -11(1) 
C(10) 24(1)  21(1) 23(1)  -1(1) -4(1)  -10(1) 
C(11) 27(1)  25(1) 23(1)  0(1) -6(1)  -11(1) 
C(7) 27(1)  20(1) 29(1)  2(1) -5(1)  -8(1) 
C(5) 26(1)  22(1) 23(1)  0(1) -5(1)  -10(1) 
C(9) 27(1)  22(1) 22(1)  -3(1) -2(1)  -11(1) 
C(4) 27(1)  26(1) 28(1)  -2(1) -7(1)  -11(1) 
C(12) 34(1)  24(1) 29(1)  0(1) -10(1)  -11(1) 
C(6) 23(1)  21(1) 26(1)  0(1) -4(1)  -8(1) 
C(3) 28(1)  28(1) 31(1)  -4(1) -5(1)  -12(1) 
C(13) 28(1)  30(1) 33(1)  5(1) -7(1)  -13(1) 
C(2) 29(1)  32(1) 25(1)  -6(1) 1(1)  -15(1) 
C(14) 37(1)  30(1) 52(1)  8(1) -15(1)  -13(1) 
C(1) 36(1)  36(1) 60(1)  -16(1) 1(1)  -19(1) 
C(15) 37(1)  29(1) 40(1)  1(1) -3(1)  -19(1) 
________________________________________________________________________
______ 
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 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for bs01t. 
________________________________________________________________________
________  
 x  y  z  U(eq) 
________________________________________________________________________
________  
  
H(10A) 11927 3291 2729 27 
H(11A) 10021 2740 4700 30 
H(11B) 11942 2968 4586 30 
H(5A) 9631 4247 1231 29 
H(9A) 8887 5968 3825 28 
H(4A) 6394 5612 1035 32 
H(4B) 5995 5026 2251 32 
H(12A) 11428 -79 4128 36 
H(12B) 13297 202 3735 36 
H(6A) 7255 7095 2396 29 
H(3A) 7801 2457 801 34 
H(3B) 7370 1885 2018 34 
H(14A) 14545 -3122 6118 60 
H(14B) 15117 -2961 4891 60 
H(14C) 13200 -3129 5313 60 
H(1A) 3542 1643 941 63 
H(1B) 5132 484 1747 63 
H(1C) 5681 743 519 63 
H(15A) 12517 8770 2061 51 
H(15B) 10884 10040 1297 51 
H(15C) 12548 8224 940 51 
________________________________________________________________________
________ 
 Chapter 2: Ruthenium Catalyzed Tandem Metathesis/ Hetero-Pauson-Khand Sequence 
Page 261 
 
 
 Table 6.  Torsion angles [°] for bs01t. 
________________________________________________________________  
C(7)-N(1)-C(8)-O(3) 174.71(15) 
C(15)-N(1)-C(8)-O(3) 1.6(2) 
C(7)-N(1)-C(8)-C(9) -4.12(17) 
C(15)-N(1)-C(8)-C(9) -177.22(13) 
C(5)-O(1)-C(10)-C(11) 164.39(12) 
C(5)-O(1)-C(10)-C(9) 42.19(14) 
O(1)-C(10)-C(11)-C(12) 65.57(17) 
C(9)-C(10)-C(11)-C(12) -178.28(13) 
C(8)-N(1)-C(7)-O(2) -171.95(16) 
C(15)-N(1)-C(7)-O(2) 1.0(3) 
C(8)-N(1)-C(7)-C(6) 9.22(17) 
C(15)-N(1)-C(7)-C(6) -177.80(14) 
C(10)-O(1)-C(5)-C(4) -155.60(12) 
C(10)-O(1)-C(5)-C(6) -35.03(14) 
O(3)-C(8)-C(9)-C(6) 178.57(16) 
N(1)-C(8)-C(9)-C(6) -2.64(16) 
O(3)-C(8)-C(9)-C(10) -69.0(2) 
N(1)-C(8)-C(9)-C(10) 109.76(14) 
O(1)-C(10)-C(9)-C(8) -144.92(12) 
C(11)-C(10)-C(9)-C(8) 94.56(15) 
O(1)-C(10)-C(9)-C(6) -31.48(14) 
C(11)-C(10)-C(9)-C(6) -152.00(12) 
O(1)-C(5)-C(4)-C(3) -57.96(17) 
C(6)-C(5)-C(4)-C(3) -173.54(13) 
C(10)-C(11)-C(12)-C(13) 166.95(13) 
O(2)-C(7)-C(6)-C(9) 170.98(16) 
N(1)-C(7)-C(6)-C(9) -10.22(16) 
O(2)-C(7)-C(6)-C(5) 55.3(2) 
N(1)-C(7)-C(6)-C(5) -125.94(14) 
C(8)-C(9)-C(6)-C(7) 7.60(15) 
C(10)-C(9)-C(6)-C(7) -112.16(13) 
C(8)-C(9)-C(6)-C(5) 130.36(12) 
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C(10)-C(9)-C(6)-C(5) 10.60(15) 
O(1)-C(5)-C(6)-C(7) 128.80(13) 
C(4)-C(5)-C(6)-C(7) -112.33(15) 
O(1)-C(5)-C(6)-C(9) 13.62(15) 
C(4)-C(5)-C(6)-C(9) 132.50(13) 
C(5)-C(4)-C(3)-C(2) -179.20(13) 
C(11)-C(12)-C(13)-O(5) -4.1(2) 
C(11)-C(12)-C(13)-C(14) 176.63(15) 
C(4)-C(3)-C(2)-O(4) 7.4(2) 
C(4)-C(3)-C(2)-C(1) -171.60(15) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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(±)-((2R*,3R*,4S*,5S*)-2,5-bis(3-oxobutyl)tetrahydrofuran-3,4-diyl)bis(methylene) diacetate 
(3.117) 
 
 The general ROCM-isomerization sequence using catalyst 3.3 (1.3 mg, 2 μmol) was 
followed for norbornene 3.115 (48.0 mg, 0.2 mmol).  The reaction mixture was purified on 
silica gel (2 cm x 10 cm)  The column was washed with 1 % pyridine in ethyl acetate and 
TEA was washed away with ethyl acetate.  A silica gel column was run in 33 % ethyl acetate 
in hexane to 50 % ethyl acetate to 60 % ethyl acetate in hexane to afford diketone 3.117(41.8 
mg, 0.12 mmol, 59 % yield) as a white solid. 
 
1H NMR (CDCl3, 400 MHz) δ 4.2 (2H, dd, J = 11.2, 6.2 Hz), 4.1 (2H, dd, J = 11.4, 6.2 Hz), 
3.72-3.65 (2H, m), 2.69-2.50 (4H, m), 2.32-2.26 (2H, m), 2.18 (6H, s), 2.08 (6H, s),  1.91 (2H, 
ddd, J = 14.3, 6.6, 3.5 Hz), 1.64 (2H, dtd, J = 17.0, 8.5, 5.8 Hz). 
 
13C NMR (CDCl3, 100 MHz) δ208.2, 170.8, 80.5, 62.8, 45.3, 40.3, 30.4, 29.7, 21.3. 
 
IR(Neat):  2952 (br), 2928 (br), 1741 (s), 1716 (s), 1431 (w), 1367 (m), 1235 (m),  
1037 (w) cm-1 
 
HRMS(EI, M++1): Found 357.1913, calcd for C18H29O7 357.1908. 
 
mp 40-42˚ C 
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(±)-(3aR*,4R*,6S*,6aS*)-2-benzyl-4,6-bis(3-oxobutyl)tetrahydrocyclopenta[c]pyrrole-
1,3(2H,3aH)-dione (3.120) 
 
 
 The general ROCM-isomerization sequence using ruthenium catalyst 3.3 (8.5 mg, 
0.01 mmol) was followed for norbornene 3.118 (25.3 mg, 0.1 mmol).  It was purified on 
silica gel (2 cm x 10 cm)  The column was washed with 1 % triethylamine in ethyl acetate the 
TEA was washed away with ethyl acetate.  the column was run in 50 % ethyl acetate in 
hexane to 66 % ethyl acetate to afford product 3.120 (15.8 mg 0.04 mmol 43 % yield). 
 
1H NMR (CDCl3, 400 MHz) δ 7.26-7.14 (5H, m), 4.51 (2H, s), 3.03 (2H, dd, J = 6.83, 2.03 
Hz), 2.66 (2H, ddd, J = 16.8, 8.4, 6.0 Hz),  2.41 (2H, ddd, J = 17.1, 8.3, 6.6 Hz), 2.18 (7H, 
m), 1.81-1.66 (3H, m), 1.65-1.52 (2H, m), 0.63 (1H, dt, J=13.0, 12.8 Hz) 
 
13C NMR (CDCl3, 100 MHz) δ 208.5, 176.7, 136.0, 128.7, 128.6, 128.0, 77.5, 77.2, 76.9, 47.5, 
42.7, 42.6, 42.3, 38.0, 30.2, 25.1. 
 
IR(Neat): 2927 (s), 1697 (s), 1427 (w), 1396 (m), 1351 (w), 1175 (m) cm-1. 
 
HRMS(EI, M+): Found 369.1939, calcd for C22H27NO4 369.1940. 
 
 
 Chapter 2: Ruthenium Catalyzed Tandem Metathesis/ Hetero-Pauson-Khand Sequence 
Page 268 
 
 
 
 
NO O
Bn
O O
MeMe
3.120
 Chapter 2: Ruthenium Catalyzed Tandem Metathesis/ Hetero-Pauson-Khand Sequence 
Page 269 
 
 
 
 
NO O
Bn
O O
MeMe
3.120
 Chapter 2: Ruthenium Catalyzed Tandem Metathesis/ Hetero-Pauson-Khand Sequence 
Page 270 
 
 
NO O
Bn
O O
MeMe
3.120
 Chapter 2: Ruthenium Catalyzed Tandem Metathesis/ Hetero-Pauson-Khand Sequence 
Page 271 
 
 
((hept-6-enyloxy)methyl)benzene (3.130) 
 
 To a 0˚C stirring solution of sodium hydride (108 mg,  4.5 mmol) in THF (3 mL) 
was added 6-hepten-1-ol C (400 μL, 342 mg, 3 mmol) and was stired for 5 min then benzyl 
bromide (395 μL, 564 mg, 3.3 mmol) was added by syringe and the reaction was stirred 
overnight and quenched with water (10 mL).  The reaction was diluted with Et2O (20 mL) 
and extracted with brine (3 x 15 mL) and back extracted with Et2O (2 x 10 mL Et2O).  The 
combined organic layers were dried over magnesium sulfate.  The solvent was removed 
under reduced pressure.  The reaction mixture was purified on a silica gel column (3 cm x 10 
cm) 100 % hexane to 20 % Et2O in hexane to provide benzyl ether 3.130 (516.2 mg, 2.5 
mmol, 84 % yield) as a clear oil. 
 
1H NMR (CDCl3, 400 MHz) δ 7.35-7.25 (5H, m), 5.81 (1H, ddtd, J = 16.9, 10.3, 6.7, 1.6 
Hz), 5.00 (1H, dtt, J = 16.9, 2.2, 1.6 Hz), 4.94 (1H, dtt, J = 10.2, 2.4, 1.2 Hz), 4.50 (2H, d, J = 
1.2 Hz), 3.47 (2H, td, J = 6.6, 1.5 Hz) 2.05 (2H, q, J = 7.0 Hz), 1.63 (2H, s, J = 7.2 Hz), 1.47-
1.30 (4H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 139.0, 138.7, 128.4, 127.7, 127.5, 114.4, 73.1, 70.6, 34.0, 
29.9, 29.1, 26.0. 
 
IR(neat): 3060 (w), 3027 (m), 2940 (m), 2859 (s), 1640 (w), 1458 (w), 1362 (w), 1110 (s), 995 
(w), 912 (m), 735 (m) cm-1. 
 
Anal. calcd for C14H20O C, 82.30; H, 9.87. Found C, 82.47; H, 9.62. 
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9-(benzyloxy)nonan-2-one (3.135) 
 
 
 The general CM-Isomerization procedure was followed.  Ruthenium catalyst 3.4 (0.6 
mg, 1 μmol) in CH2Cl2 (1 mL), prepared by stock solution, was added to the pyrolysis tube 
containing  diol (±)-3.111 (70 mg, 0.6 mmol).  To the reaction mixture was immediately 
added a mixture of terminal olefin 3.133 (40.4 mg, 0.2 mmol) in CH2Cl2. (1 mL). The 
reaction mixture was then stirred for 1 h before the tube was sealed and heated.  Following 
removal of the solvent the mixture was flashed on a silica gel column (2 cm x 10 cm) 10 % 
Et2O in hexanes followed by 15 % Et2O in hexanes to give product 3.135 (29.5 mg, 0.12 
mmol, 60 % yield) as a clear oil. 
 
1H NMR (CDCl3, 400 MHz) δ 7.38-7.25 (5H, m), 4.50 (2H, s), 3.46 (2H, t, J = 6.6 Hz), 2.41 
(2H, t, J = 7.7 Hz), 2.13 (s), 1.66-1.49 (2H, m), 1.41-1.23 (8H, m). 
 
13C NMR (CDCl3, 100 MHz) δ 209.1, 138.7, 128.4, 127.7, 127.5, 73.1, 70.6, 44.0, 30.2, 30.0, 
29.5, 29.4, 26.4, 24.1. 
 
IR(Neat): 3059 (w), 3029 (w), 2946 (m), 2859 (m), 1715 (s), 1461 (w), 1101 (m), 736 (w) cm-1. 
 
HRMS(EI, M+): Found 248.1773, calcd for C16H24O2 248.1776. 
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6-(tert-butyldimethylsilyloxy)-6-phenylhexan-2-one (3.138) 
 
 
 The general CM-Isomerization procedure was followed with terminal olefin 3.136.  
Catalyst 3.4 (0.6 mg, 1 μmol) in CH2Cl2 (2 mL), prepared by stock solution, was added to the 
pyrolysis tube containing Diol (±)-3.111 (70 mg, 0.6 mmol).  To the pyrolysis tube was added 
a mixture of terminal olefin 3.136 (60 μL, 50.2 mg, 0.19 mmol) neat by weighed syringe.  The 
reaction was then stirred for 2 hr before the tube was sealed and heated for 9 h.  The 
reaction mixture was flashed on a silica gel column (2 cm x 10cm) 10 % Et2O in hexane to 
give 3.138 (40.9 mg, 0.14 mmol, 71 % yield) as a clear oil.  
 
1H NMR (CDCl3, 400 MHz) δ 7.30-7.15 (5H, m), 4.63 (1H, dd, J = 6.2, 4.0 Hz), 2.37 (2H, t, 
J = 6.79 Hz), 2.07 (3H, s), 1.72-1.48 (4H, m), 0.86 (9H, s), 0.00 (3H, s), -0.17 (3H, s). 
 
13C NMR (CDCl3, 100 MHz) δ 208.8, 145.4, 128.1, 127.0, 125.9, 75.0, 43.9, 40.5, 30.1, 26.2, 
20.3, 18.6, -4.2, -4.6. 
 
IR(Neat): 3031 (w), 2955 (s), 2886 (m), 2858 (m), 1718 (s), 1471 (w), 1361 (m), 1255 (m), 
1256 (m), 1095 (s), 1062 (s), 837 (s), 776 (m) cm-1. 
 
Anal. calcd for C18H30O2Si: C, 70.53; H, 9.87. Found C, 70.71; H, 9.65. 
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